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Cambay’s Water
Sailing down the river with the anchors down.
Our navigator had his forehead painted
''and if you are away I'll be waiting for you for 1000 years''
however the ropes stiffened your palm.
Blurry waters and the current for four miles
the coolies eat secretly rice with curry
our captain looks at the moon
which is blurry and red like blood.
The tugboat blew three times and continued
for forty days you were counting the miles
but today you had cobra poison on your lips
when you said ''I'm coming out another day'' angrily.
At night I told you a story at the forecastle
the same one that all sailors narrate at the port
your eyes were dominated by Sirocco
and you were mumbling all the time ''Wrong way''.
We're off! We are waited for in Brazil.
Your face must have been wet by cold wind.
The bogaz transmits hot breeze
but neither a skirt in the shore nor a handkerchief.
Nikos Kavvadias

To all the people who love the sea….
and to my parents, who allow me to
dream….
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Abstract
The development of a numeric simulation for predicting the performance of an Ocean Current Energy
Conversion System is presented in this thesis along with a control system development using a PID
controller for the achievement of specified rotational velocity set-points. In the beginning, this
numeric model is implemented in MATLAB/Simulink® and it is used to predict the performance of a
three phase squirrel single-cage type induction motor/generator in two different cases. The first case is
a small 3 meter rotor diameter, 20 kW ocean current turbine with fixed pitch blades, and the second
case a 20 meter, 720 kW ocean current turbine with variable pitch blades. Furthermore, the second
case is also used for the development of a Voltage Source Variable Frequency Drive for the induction
motor/generator. Comparison among the Variable Frequency Drive and a simplified model is applied.
Finally, the simulation is also used to estimate the average electric power generation from the 720 kW
Ocean Current Energy Conversion System which consists of an induction generator and an ocean
current turbine connected with a shaft which modeled as a mechanical vibration system.

Keywords: Ocean Current Turbine (OCT), Induction Generator (IG), Variable Frequency Drive
(VFD), MATLAB Simulink®, Ocean Current Energy Conversion Systems (OCECS), Shaft
Vibrational Model, PID Controller.
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CHAPTER 1
INTRODUCTION
1.1

Ocean Current Energy

The movement of ocean currents has often been considered to be capable of providing a source
of renewable, clean energy similar to wind farms. One great location that has received much
consideration as a site for harnessing power from ocean currents is the Florida Straits Current System,
which is a fast, western intensified surface current that runs along the East Coast of the United
States [1].
1.1.1

Current Phenomena Explanation

The ocean currents are masses of ocean water that flow from one place to another. The direction
toward which water moves is called set, and its speed is called drift. It transports along the oceans a
large quantity of water and energy as temperature of this water. Its thermal energy transport is so
important that it has an influence on the temperatures in our planet and on the different climates
around the world [1].
The ocean currents phenomenon is mainly due to the radiation of the sun. The energy from the
sun heats the air in the atmosphere. The air from the equator zone becomes hotter than the air from the
poles, so a wind current is created from the equator to the north and south poles. It is due to the high
density of cold air, which tends to go to hotter zones where the density of the air is lower and for this
reason, the pressure is also lower [1].
This is the origin of the Trade Winds. Other important phenomenon of the wind is the Coriolis
Effect. Due to the rotation of the planet, the wind does not follow a rectilinear trajectory: it describes
clockwise spirals in the northern hemisphere and counter-clockwise spiral in the southern one. These
wind currents affect to the surface water of the seas which is the water within 0÷400 meters of depth.
At the same time, the gravity and the Coriolis forces, the wind and again the heat from the sun,
produce a similar effect to the deep oceans water which is the water below 400 meters of depth and
represents the 90% of the oceans currents. The depth water of the oceans is not as quiet as it could
seem at first sight. The cold of the poles increases the density of the water and its salts solubility
(because of the formation of sea ice). This water becomes heavier, and it tends to go down. In the
equator, the opposite effect produces light water. For this reason, the cold water from the poles tends
to go deeply to the equator, and the warm water from this zone tends to go to the poles by the surface.
This density gradient produces global currents called Thermohaline Circulation and it is part of the
large-scale ocean circulation [1, 2]. It is represented on the Figure 1 below:

Figure 1: A summary of the path of the thermohaline circulation. Blue paths
represent deep-water currents, while red paths represent surface currents.
(Source: NASA Earth Observatory [3])
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The wind stress and the density differences explained before, and finally the tidal forces because
of the moon attraction, are the responsible of the ocean currents. However, for this moment is not so
clear how much each of these phenomenon affect to the currents generation. The surface and
subsurface currents produce closed loops, how it can be seen in the Figure 2 [4].

Figure 2: Major ocean currents of the world. On this illustration red arrows
indicate warm currents, while cold currents are displayed in blue
(Source: M. Pidwirny [4])

1.1.2

Resource Potential

Ocean currents, as already mentioned, are driven by wind and solar heating of the waters near
the equator, although some ocean currents result instead from variations in water density and salinity.
These types of currents are rarely constant and flow in one direction only, with an exception of the
Gulf Stream core and some other few areas, similar to the tidal currents closer to shore where the
varying gravitational pulls of the sun and moon result in diurnal high tides. Some examples of ocean
currents are the Gulf Stream, Florida Straits Current, and California Current as shown in Figure 3 [5].
The Florida Straits Current starts only 8 km offshore in the southern part of Florida, close to Miami,
and sustains relatively large speeds over significant distances in relatively unchanging patterns. In
contrast, the California Current has relatively slow speeds and shifts periodically. Ocean currents tend
to be concentrated at the surface, although significant current continues at depths below ships’ drafts.
The Aleutian passages have also been identified as an area for potential development of current
energy extraction but they are mainly based on tides.
Ocean current speeds are generally much lower than wind speeds (typically less than 4 mph).
This is important because the kinetic energy contained in flowing bodies is proportional to the cube of
their velocity. However, another more important factor in the power available for extraction from a
flowing body is the density of the material. Water is about 835 times denser than air if assuming same
temperature and normal pressure [6], so for the same area of flow being intercepted, the energy
contained in a 4-mph water flow is equivalent to that contained in an air mass moving at about 35 mph
[6]. Thus, ocean currents represent a potentially significant, currently untapped, reservoir of energy.
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Figure 3: Ocean currents in the vicinity of the United States
(Source: University of Texas libraries [5])

The total worldwide power in ocean and tidal currents has been estimated to be about 5,000GW
(while 19 GW are referred to US ocean currents), with power densities of up to 15 kW per m2 and
3 kW per m2 for tidal and ocean current respectively [7, 8, 9, 10]. The relatively constant extractable
energy density near the surface of the Florida Straits Current is about 3 kW/m2 of flow area [9, 10]. It
has been estimated that capturing just 1/1,000th of the available energy from the Gulf Stream, which
has 21,000 times more energy than Niagara Falls in a flow of water that is 50 times the total flow of
all the world’s freshwater rivers, would supply Florida of USA with 35% of its electrical needs [7] but
that estimation is undetermined and it does not correspond to the reality. The situation is almost same
in north of California but only for tidal currents. Until now, countries that are interested in and
pursuing the application of ocean current energy technologies include the USA (tides and ocean
currents), European Union (tides), Australia (tides), Japan (tides and ocean currents), Taiwan (tides
and ocean currents), China (tides) and South Africa (ocean currents).

1.2

Resource Utilization Technology

Ocean current energy is at an early stage of development, with small number of prototypes and
demonstration units having been tested to date and few real projects around the world as it is
mentioned in the section 1.3. One such technology involves submerged turbines. Energy can be
extracted from the ocean currents using submerged turbines that are similar in function to wind
turbines, capturing energy through the processes of hydrodynamic, rather than aerodynamic, lift or
drag.
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1.2.1

Principle of Work

The ocean current turbines (OCT) have rotor blades, usually three (3), a generator for converting
the rotational energy into electricity, means for mooring or anchoring, and means for transporting the
electrical current to shore for incorporation into the electrical grid as shown in Figure 4 [11, 12].
Additional components may include concentrators (or shrouds) around the blades to increase the flow
and power output from the turbine. They can have either horizontal or vertical axes of rotation as
shown in Figure 5 [13].

Figure 4: A general example of ocean current turbine components based on tidal turbine technology
by Verdant Power (left, Source: Ecopedia [11])
and visualization of an underwater cluster of ocean tidal turbines (right, Source: FAU [12])

Figure 5: Four typical kinetic energy conversion devices
(Source: EPRI Ocean Energy Program [13])
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The principle of the oceans current energy is the same as the wind one. As in the wind
generation, it can be used the Betz Principle [14]. According to Betz principle, it is not possible to
extract all the kinetic energy from the flow which is crossing the turbine. There are two parameters
that determine the maximum power that can be extracted from the flow which are the velocities of the
fluid before and after the turbine. Following the Betz Principle, or the 2nd law of the thermodynamics,
the speed of the fluid after the turbine cannot be equal to zero, so it is not possible to get all the kinetic
energy of the fluid.

Figure 6: Schematic of fluid flow through a disk-shaped actuator where A:area, v:velocity.
For a constant density fluid, cross sectional area varies inversely with speed.
(Source: Wikipedia [15])

1.2.2

Anchoring/Mooring Systems and Location

Ocean current turbines may be anchored to the sea bed in a variety of ways [16, 17]. They may
be tethered with cables, with the relatively constant current interacting with the turbine used to
maintain location and stability. Such a configuration would be analogous to underwater kite-flying
where the kite would be a turbine designed to keep upright and the kite flyer would be the anchor.
Various alternative designs have been proposed, including the use of a barge moored in the current
stream with a large cable loop to which water filled parachutes are fastened. The parachutes would be
pushed by the current, and then closed on their way back, forming a loop similar to a large horizontal
waterwheel. Seabed-mounted turbines are often referred to as first generation devices [18]. They can
only be used at relatively shallow water depths. For deep sites, floating devices are the most attractive
ones, as the water speed is fastest close to the surface.
For this reason, ocean current turbines may be also moored to the sea floor with single-point or
multi-point mooring means such as buoys and are often referred to as second generation devices [18].
The water depths required for ocean current turbines to extract energy from the ocean make it
sometimes impractical to rigidly connect them to the bottom. Therefore, either a single-point or multipoint mooring system will be needed to attach the turbine to the seafloor. To locate an OCT in the
strong near-surface current, positive buoyancy and/or lifting surfaces will be required.
In contrast to the tidal energy facilities where the best sites are narrow straits between islands or
headlands [7], where the current flows is higher, we can consider a good place for oceans current
energy facilities the regions with energy densities above approximately 0.5 kW/m2 [9, 10]. It has to be
considered also, the closeness between the energy source and the energy demand, because most of the
good places to obtain this kind of energy are too much far from the locations which need the result
energy. In large areas with powerful currents, it would be possible to install water turbines in groups
or clusters to create a “marine current facility,” similar in design approach to wind turbine facilities.
Turbine spacing would be determined based on wake interactions and maintenance needs [7].
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1.2.3

Environmental Considerations

Potential environmental impacts that would need to be considered with the development and
utilization of ocean current energy with submerged turbines include impacts on marine ecology and
conflicts with other potential uses of the same area of the ocean [19]. Resource requirements
associated with the construction and operation of these technologies would also need to be addressed.
Regardless of the size and nature of the anticipated environmental impacts, project planning would
need to consider the protection of species, particularly fish and marine mammals. The slow blade
velocities (5 rpm to 30 rpm) should allow water and fish to flow freely and safely through the
structure. Protective fences and sonar-activated brakes could prevent larger marine mammals from
harm. In the siting of the turbines, consideration of impacts on shipping routes, and present as well as
anticipated uses such as commercial and recreational fishing and recreational diving, would be
required. Additional considerations include the need to introduce possible mitigating factors, such as
the establishment of fishery exclusion zones [7].
Major concerns that have been raised for tidal energy systems about risks from slowing the
current flow by extracting energy as well as local effects, such as temperature and salinity changes in
estuaries caused by changes in the mixing of salt and fresh waters, and their potential impact on
estuary ecosystems are not applied in ocean current energy systems [20]. These concerns could
introduce an upper limit on energy extraction, but would likely not become relevant until ocean
current energy production reached the multi-GW range.
Finally, the oceans current turbines have a very little impact on the surrounding. They have not
any visual impact such as the wind energy, for most of the facility is under the water. They do not
produce emissions of any contaminant gas and they do not need any combustible [20].

1.2.4

Economic Considerations

There has been no commercial ocean current turbines are currently in operation and for this
reason it is difficult to assess the costs of current-generated energy and its competitiveness with other
energy sources [7]. Initial studies suggest that for economic exploitation, velocities of at least 2 m/s
(≃4 knots) would be required (a 3.5 knots current has the kinetic energy equivalent of wind at more
than 30 knots), although it is possible to generate energy from velocities as low as 1 m/s [7]. Major
costs of these systems would be the cables to transport the electricity to the onshore grid (See
Appendix A).

1.2.5

Challenges

For ocean current energy to be used successfully at a commercial scale, a number of engineering
and technical challenges need to be addressed [18, 21, 22], including:


Avoidance of drag from cavitation (air bubble formation that creates turbulence and
substantially decreases the efficiency of current-energy harvest)



Prevention of marine growth buildup



High maintenance costs



Corrosion control
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Generation of electromagnetic fields (EMFs)



Toxicity of paints, lubricants, and antifouling coatings



Interference with animal movements and migrations, including entanglement and strike by
rotor blades or other moving parts

To calculate the potential energy, as the number of joules, available for extraction by ocean
current turbines in all the oceans of the entire world, lets speculate that the ocean ubiquitously is
moving at a speed in a certain direction, equal to that of the Gulf Stream; about 1 meters per second
[9, 10]. Therefore, each cubic meter of water has a kinetic energy of 500 Joules (using the kinetic
energy equation: 0.5∙ m∙v2, where m and v are the mass and velocity of the object respectively). This
may be an extreme overestimate since most of the ocean moves much more slowly than the Gulf
Stream, but assuming the larger number, we then multiply it by the number of cubic meters of all the
oceans of the entire world:
-

The radius of the earth is approximately R = 6371 km [23], the average depth of the ocean is
d = 4.27 km [24], and assuming that 70% of the world's surface is ocean, the total volume of
water in the world's oceans, Ω, is:
Ω = 0.7 ∙ 4π ∙ R2 ∙ d
= 1.528 ∙ 1018 m3
Therefore, the total amount of energy available for extraction in the world's ocean is:
500 (Joules/m3) ∙ 1.528 ∙ 1018 (m3) = 7.65 ∙ 1020 Joules.

When you compare this total to the annual energy demand per year for the entire world [25], as
shown in Figure 7, you see that it's only 1.5 years’ worth.

Figure 7: World primary energy consumption
(Source: BP [25])
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1.3

Projects in the World

Since current power is an immature technology and no full-scale ocean current turbine
installations are routinely providing power yet, the commercial status is judged purely on the most
promising technologies to date. More specifically, the marine current industry is at an early stage of
development. The business is characterized by prototype building and new ideas being brought
forward. Many different designs have been considered in recent years and some have been patented
and tested at a prototype scale [18, 26]. Main study and work on the development of ocean current
energy and ocean current turbines, or tidal/river systems that may be transferable to the ocean current
energy sector, has been carried out in United Kingdom, Canada, USA, Norway, Australia, France,
Taiwan and Japan as shown in the below pages.
1.3.1

Real Projects and Tidal/Current Turbines

In contrast with the tidal turbines projects, where some of them are already connected to the
distribution grid, some others are in the test process with full-scale or scale prototypes and many
projects in the design stage [18, 26], there are no commercial ocean current turbines currently
connected to an electric-power transmission or distribution grid.
In addition, there are a few tidal turbines where, according to the design company, can be used
also to harvest the ocean current energy as current turbines but they do not consider original OCTs.
The first example is the SeaFlow project, a marine turbine prototype, developed by Marine Current
Turbines Limited (MCT Ltd) [27, 28]. It is considerate as the world’s first tidal current turbine, but it
was not connected to the grid. Concerning the firm, it was the first stage in a commercial way to
exploit marine currents. It has been implanted in 2003 in Lynmouth, a city of Bristol’s Bay in the
United Kingdom, above 1.1 km offshore and the first run occurs the 30th May of 2003. The turbine is
composed of a single axial flow rotor, which supporting 2 blades, installed on a steel pile fixed into a
socket on the sea floor, about 20 meter undersea. The diameter of the pile is 2.1 meter, the rotor
diameter is 11 meter and the turbine’s rated power is estimated at 300 kW. The power train (which
includes the rotor, the gearbox and the generator) can slide up and down the pile in order to facilitate
the maintenance18. The Figure 8 below shows us the SeaFlow technology. The cost of the project was
estimated at 3.4 million ₤ and had been financed by the UK DTI, the German government, the
European Community and some other partners. This full-scale prototype has been test in 2003 and
2004, mostly during the autumn and spring tides (about 30 days). The experiment has shown that the
concept of marine turbine worked well. It has delivered electricity that fluctuated up to 30-50 kW;
with some electrical peak power just less than 300 kW. The engineers working on the project
conclude that this fluctuation are similar are those found in wind turbines due to turbulence of the
fluid. Those turbulences depend on the site and another site could be more or less turbulent.

Figure 8: SeaFlow turbine. The left picture shows the system in operational mode
while the right one shows us the pile and the rotor “roses up for maintenance”.
(Source: MCT Ltd [27])
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According to these results, Marine Current Turbines Ltd has decided to develop a second project
with the name SeaGen S [29, 30]. The system is composed of two (2) sixteen (16) meters diameter
rotors installed on a pile, as shown in the Figure 9, and will be able to produce 1.2 MW. This system
uses the same technology as SeaFlow for maintenance where the rotors can be raised above the sea
level. The blades are pitch-controlled and the mechanical energy is transferred through a gearbox to
the asynchronous generator. The turbine, contrary to the first project, is connected to the grid since
2009. However, the visual impact will be the same as the SeaFlow project. The company is also
developing a turbine with the same powertrain for use at deeper locations with the name SeaGen U
[27].
Finally, Marine Current Turbines has planed the third phase of its development which it consists
on a farm of 5 MW named SeaGen Array project [29]. It will be a farm of several turbines similar to
the SeaGen project, and will be located in the same place. The final aim is to install a capacity of 500
MW in the United Kingdoms.

Figure 9: SeaGen S turbine (left), demonstration of SeaGen S operation
(right up) and visualization of SeaGen Array farm (right, down)
(Source: Sea Generation Ltd [29])

The second example is the modular turbine system with horizontal axis Darrieus turbines from
Ocean Renewable Power Company (ORPC) with the name “TidGen” as shown in Figures 10 and 11
[31]. Based on ORPC website, small versions can be installed in rivers, bigger versions in shallow
tidal streams, and the biggest version is to be installed in deep water tidal or ocean current sites. The
company based in Portland, Maine of USA.

Figure 10: TidGen power system without dimensions
(Source: ORPC [31])
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Figure 11: Visualization of TidGen power system
(Source: ORPC [31])

The third example, as shown in Figures 12 and 13, is the horizontal axis marine turbine GEM
“the Ocean’s Kite” which is a hydrokinetic turbine designed to be driven by slow-moving flows of
water, namely river, tidal or water currents in general from Aircraft Design and Aeroflight Dynamic
Group (ADAG) [32], a part of the Department of Industrial Engineering - Aerospace Engineering
Division at University of Naples in Italy. Detailed numerical analysis and two different scaled models,
as shown in Figure 12, have been tested in the towing tank of the "Federico II" University of Naples.
As a next step, the first full-scale GEM prototype has been built by a consortium of Venetian
companies and partially sponsored by Veneto Regional and has been deployed in the Venetian
Lagoon. For this prototype as shown in Figure 13, the expected power is approximately 20 kW with
lagoon maximum current speed of 1.5 m/s.

Figure 12: First GEM model of towing tank test (up left and right) and
second GEM model for towing tank test (bottom left and right)
(Source: ADAG [32])
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Figure 13: Visualization of GEM turbine (left) and full-scale prototype of GEM (right)
(Source: ADAG [33])

Based on the company statements [33], the main characteristic of the GEM is its passive
capacity of aligning itself along the current direction, as shown in the Figure 14, and this reminds the
typical behavior of a kite from which the name "Ocean's Kite". In case of need, however, it is possible
to control this alignment through the aid of a controlled designed system which uses the turbines as
propellers

Figure 14: GEM alignment demonstration
to the current direction (Source: ADAG [33])

An ocean tidal and current energy device which is significantly different from the rest is
Minesto’s Deep Green concept [34]. It is a turbine attached to a wing, as shown in Figure 15, which
moves in loops through the water, while attached to the seabed with a moving wire, like a kite. The
device moves through the water with a speed significantly higher than the water speed, reducing
torque per power and hence weight and cost, compared to other device types. According to the
company, a 1 meter diameter turbine can generate 500 kW, while a fixed turbine with the same
capacity would be 30 meters in diameter. The company states that “the device is sufficiently different
from competing designs to potentially offer either a significantly lower cost of energy, or the ability to
exploit an entirely new resource”. Deep Green is the only known power plant that cost-effectively
produces electricity at sites with velocities between 1.2÷2.5 m/s and depths between 60÷120 meters
while small boats and equipment are used for installation, service and maintenance. Thus, the offshore
operations are minimized since only attachment and detachment has to done offshore.
Deep Green produces electricity by a unique principle illustrated in the Figure 16 [35]. The
water current creates a hydrodynamic lift force on the wing which pushes the kite forward (1). The
kite is steered in an 8-shaped trajectory by a rudder and reaches a speed ten times the water current
speed (2). As the kite moves, water flows through the turbine and electricity is produced in the
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gearless generator (3). The electricity is transmitted through a cable in the tether attached to the wing
(4). The electricity continues in sub-sea cables on the seabed to the shore (5).

Figure 15: Deep Green kite-like turbine components
(Source: Minesto [34])

Figure 16: Deep Green principle of work
(Source: Minesto [35])

The only original ocean current turbine system tested in situ before 2005, which was designed to
operate in deep-water offshore currents, is the vertical axial flow hydro-turbine developed by Blue
Energy (Halifax, NS, Canada), previously Nova Energy Limited, and the National Research Council
of Canada (Ottawa, ON, Canada) with the name VEGA (Venturi Energy Generating Apparatus) [36].
This system was tested in the Gulf Stream from an anchored vessel during a one day mission in April
1985 and generated up to 4 kW electricity from Florida Stream [37].
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1.3.2

Projects in Progress

There are some projects in progress with the majority of them in design and analysis stage. One
of the first companies who study the design and operation of an ocean current turbine to convert the
energy of the Gulf of Mexico Stream in electricity was the Florida Hydro Power and Light Company
based in Palatka, FL, USA [38]. One Florida Hydro ocean current turbine (approximately 45 m in
length) is designed to produce approximately 2-3MW of electricity, as shown in Figures 17 and 18.
Each of it is capable of powering about 1500 homes. The units will be installed in groups or clusters
to form a marine current farm as shown in Figure 18, with a predicted capacity of up to eight turbines
2.6 km2. This grouping is intended to avoid wake-interaction effects between the turbines and to allow
access by maintenance vessels. An 80% capacity factor is targeted, averaging approximately 17,520
MWh per unit per year. It is expected that the overall capacity associated with the project in Palm
Beach County, Florida, will be determined by research, which identifies the best number of units and
transmission lines to provide power while avoiding significant use conflicts and avoiding impacts on
significant environmental resources. The U.S. Navy’s Surface Warfare Center’s Carderock Division
examined the system in 2003 and subsequently agreed to pursue a Cooperative Research and
Development Agreement (CRADA) with Florida Hydro to commercialize the technology [19].

Figure 17: Close-up perspective view of Florida Hydro’s conceptual
design for one ocean current turbine that is tethered to the seafloor
on adjustable cables to provide repositioning for maintenance service
and to maximize capture of high flow velocities
(Source: C.W. Finkl and R. Charlier [19])

Figure 18: Panoramic view of Florida Hydro’s conception of ocean current
turbines that could be tethered to the seafloor in groups to form marine
current farms of up to eight turbines spread over about 2.6 km2
(Source: C.W. Finkl and R. Charlier [19])
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The Ocean Renewable Power Company (ORPC) is studying and designing the OCGen Power
System with the goal to generate a nearly constant supply of electricity from deep water offshore
ocean currents such as the Florida Current that flows 15 miles off the east coast of Florida [31]. Since
these deep water currents are unidirectional and flow continuously, the power generated could provide
a continuous supply of electricity that varies within a reasonable range. The OCGen Power System
incorporates the same proven technology platform as TidGen Power Systems, and a buoyant
tensioned mooring system modified for water depths in the hundreds of feet as shown in Figure 19.
ORPC plans to test a prototype of the OCGen Power System at Florida Atlantic University’s
Southeast National Marine Renewable Energy Center by 2020 [31].

Figure 19: 3D Rendering of OCGen power system
(Source: ORPC [31])

A new type of ocean power generator could harvest the steady, reliable energy of deep ocean
currents, and a group of companies are working together to place the first 1 MW system on the
seafloor. The companies are currently raising money for the demonstration project and say they're
investigating R&D funding from the U.S. Navy and the Department of Energy. The grid connections
and system software are being designed by Eaton Corporation [39], a power management company
with experience in linking renewable energy sources like wind and solar farms to the grid. The 1-MW
turbine, as shown in Figure 20, will come from Triton [40], a Florida of USA based company that
primarily builds deep-ocean subs. Eaton representatives say the 1-MW demonstration project could
easily be built up to a utility-scale current farm by adding more turbines.

Figure 20: The 1-MW turbine of Triton
(Source: Triton Submarines LLC [40])
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Crowd Energy with a new type of design and a full-scale first generation prototype, as shown in
Figure 21, is trying to find funding for the next step which is to build the second generation turbine
prototype and test tank and do the required data collection and design optimization [41]. The next step
will be to move the turbine prototype and test tank to Florida Atlantic University to have their data
and design verified. Once verified, they will build a larger sea trial prototype and install it in the
Florida Atlantic University open ocean testing site, off the coast of South Florida, USA. At the FAU
test site they can collect data and generate electricity on a small scale. Using the data collected from
the FAU test site they can build the first production scale turbine. Crowd Energy is trying to have four
production scale turbines installed and feeding the power grid by 2016.

Figure 21: Crowd Energy full-scale prototype
(Source: Crowd Energy [41])

IHI Corporation and Toshiba Corporation have been selected by Japan’s New Energy and
Industrial Technology Development Organization (NEDO) as co-researchers in the “Research and
Development (“R&D”) of Ocean Energy Technology - Demonstration Research of Ocean Energy
Power Generation”. After concluding the formal contract with NEDO, they will conduct
demonstration research of a turbine system driven by the ocean current [42, 43, 44]. IHI and Toshiba,
together with the University of Tokyo and Mitsui Global Strategic Studies Institute, have conducted
R&D financed by NEDO’s “R&D of Ocean Energy Technology - R&D of Next-Generation Ocean
Energy Power Generation (Underwater Floating Type Ocean Current Turbine System)” since 2011.
The demonstration research is based on their achievements to date. Within this framework, the unique
“underwater floating type ocean current turbine system” developed by IHI and Toshiba will
demonstrate power generation in a real ocean environment, in a project expected to continue until
2017. The research work is expected to prove the viability of ocean energy power generation and to
create the framework for an industry, and also to contribute to improved energy security for Japan.
The underwater floating type ocean current turbine system, as shown in Figure 22, is a power
generation device with two counter-rotating turbines. It is anchored to the sea floor and floats like a
kite carried and driven by the ocean current [42]. IHI is the lead company in the co-research project
and will manufacture the turbine and floating body. Toshiba will supply electric devices, such as the
generator and transformer. The Kuroshio Current is a natural energy resource with little fluctuation in
flow regardless of time or season. In Japan, an island nation, success in converting the massive power
of the ocean current will create a large-scale, stable power source.
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Figure 22: Demonstration of ocean current turbine
system by IHI and Toshiba (Source: IHI [42])

National Cheng Kung University’s Tainan Hydraulics Laboratory is preparing to install a
submerged turbine off the coast of Taitung County in a full-scale experiment to generate electricity
from the energy of the Kuroshio Current in Taiwan as shown in Figure 23 [45]. If the test is
successful in harnessing the energy of the current, which flows north in the Pacific Ocean to the east
of Taiwan at a rate of 1 to 1.5 meters per second, it could generate 10 to 15 kilowatts of electricity per
second, enough to supply 9,000 households for an hour. Before mooring the turbine offshore, the
research team will meet with fishermen and county government representatives to make sure the
turbine does not interfere with fishing. Taiwan’s frequent typhoons, earthquakes and northeast
monsoons pose other difficulties for the experiment, which is scheduled to test the electricitygenerating potential of the current over a two-year period [45].

Figure 23: NCKU ocean current turbine to be moored in the Pacific
Ocean off Jinzun Harbor, Taitung County (left and right)
(Source: NCKU-SERC [45])

The Aquantis Current Plane (“C-Plane”) technology developed by Dehlsen Associates, LLC
(DA) and Aquantis, Inc. is an ocean current turbine designed to extract kinetic energy from ocean
currents [46, 47]. Figure 24 shows the C‐Plane design concept. Aquantis Inc. designed, built, and
tested a 1/25th scale model of their ‘C‐Plane’ dual‐rotor moored ocean current turbine as shown in
Figure 25 [48, 49]. This effort was conducted in cooperation with the US Naval Surface Warfare
Center at the David Taylor Model Basin and was funded in part under a grant awarded to Dehlsen
Associates by the U.S. Department of Energy. The Aquantis Inc. C‐Plane is a dual‐rotor marine
turbine designed to generate up to 2.4MW per unit in the Gulf Stream and other ocean currents.. The
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C‐Plane is designed to operate in water depths from 100m to 400m, but is capable of being adapted to
other applications such as shallow water tidal flows and extreme deep water. In order to operate in
deep ocean currents, the C‐Plane utilizes a 3‐point mooring system which includes two forward
mooring lines to react the thrust of the rotors, and one vertical mooring line to keep the platform
submerged at its minimum operating depth. As the C‐Plane is a fully submerged moored device, the
steady‐state stability and the dynamic stability of the system are very important.

Figure 24: Demonstration of Aquantis C-Plane ocean current turbine
(Source: Aquantis [50])

Figure 25: Captured test of 1/25th scale model
(Source: H. Swales et al. [49])

Anadarko Petroleum Corporation in Texas of USA presents the Ocean Stream Power
Generation (OSPG) concept which is a fin-ring propeller to that targets operating rotational speed of
a set frequency power from a flowing ocean current [51]. This patented propeller has outer rings that
direct the water flow and provides a protective ring that would keep fish from being struck by the
outer fins of the propeller as shown in Figure 26. The fin-ring design reduces the effects of cavitation
by directing the flow with the rings inside the propeller. There is no tip of a fin to experience
cavitation. These rings act like the curved tips of the newer air-plane wings that improve efficiency of
lift and drag. The University of Michigan Hydrodynamics Lab provided their facilities for testing the
fin-ring propeller which was in a 1/10th scale (32 cm diameter). Following the initial test, they built a
1/5th scale system with four fin-ring propellers and 2.44 meter diameter each one. Moreover, each
propeller consists of 7 rings which results to 80 fins. This was tested as a fully functional support
submerged generation structure in the Gulf of Mexico by pulling it with a boat to simulate various
ocean stream velocities as shown in Figure 27. The structure held stable during test operations. Power
was generated at 60 Hz and fed back to the boat at levels exceeding the expected generation power for
the speeds. The structure was controlled with a local PLC and communicated back to the boat prior to
testing in the Gulf of Mexico.
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Figure 26: The fin ring propeller in a 1/5th scale
(2.43 Meter) under testing in a towing tank
(Source: W.D. Bolin [51])

Figure 27: Four fin-ring propeller system prior to submerged testing in the Gulf of Mexico (left and right)
(Source: W.D. Bolin [51])

Turner Hunt Ocean Renewable LLC (THOR LLC), which is located in Cincinnati, Ohio, USA,
is developing a family of fully submersible horizontal axis tethered ocean current turbines, as shown
in Figure 28, for use off the southeastern United States in the Gulf Stream [52]. THOR LLC is
working on a lease that would allow for the deployment of the company's scaled prototype off the east
coast of Fort Lauderdale, Florida, USA, with future deployments as far north as Hatteras, N.C.
THOR's ocean current turbine is completing testing and evaluation as a scale model in a unique ocean
current simulator built by THOR [52]. THOR's ocean current turbine provides near base load capacity
factors (about 80%) using a proprietary power control protocol method of operation. The current
status of the development is not known, but the target commercial scale turbines rotor diameters are
from 40 to 60 meters and the capability of producing up to 2 megawatts of electrical power output.

Figure 28: THOR’s renewable ocean current turbine
(Source: THOR LLC [52])
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1.3.3

Southeast National Marine Renewable Energy Center (SNMREC)

The Southeast National Marine Renewable Energy Center (SNMREC), formerly the Center for
Ocean Energy Technology (COET), at Florida Atlantic University (FAU), Boca Raton, Florida, USA,
has been established to pursue research and technologies that will aid industry in harnessing the vast
ocean energy resources off the coast of Florida [53, 54].
One of the goals of the SNMREC is developing an instrumented testing range including
deploying a single-point mooring system, as shown in Figures 29, 30 and 31, in the Gulf Stream that
will be used to test its experimental OCT and OCTs developed by other entities from the surface [54].
The SNMREC’s experimental OCT, as well as OCTs developed by other entities will be deployed to
determine (1) system performance and enhancements for future development, (2) environmental
concerns and potential effects, and (3) methodologies for further scaled testing. This Ocean Current
Turbine Testbed (OCTT) consists of a permanently anchored Mooring and Telemetry Buoy (MTB)
with a gravity anchor, a tested ocean current turbine, and a twin-hull Observation, Control,
Deployment, Platform (OCDP) or a support vessel as shown in Figures 29 and 30 [55].

Figure 29: Diagrammatic representation of the Ocean Current Turbine Testbed (OCTT)
with a OCDP (left) or a Deployment Vessel (right) (Source: F.R. Driscoll et al. [55])

Figure 30: The completed Mooring and Telemetry Buoy (MTB) on stands (left) and
without A-frame, hydraulic, and electronic systems (right) (Source: F.R. Driscoll et al. [55])

The SNMREC has designed and has currently constructed an experimental 20 kW horizontal
axis OCT to quantify and overcome some of the many hurdles involved with placing such a system in
the Gulf Stream [55]. The underwater turbine is a 20 kW open blade axial-flow horizontal turbine
design, driven by a 3 m diameter 3-blade rotor. The rotor on this OCT uses airfoil shapes that range
from approximately a NACA 4412 shape at the hub to a NACA 4421 shape at the tip.
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A 30 HP motor-generator is housed within a water-tight pressure vessel, and it is connected to
the rotor through a 25:1 step-up planetary gear box with a 3 inch outside diameter (OD) drive shaft.
The motor-generator is Sumitomo Cyclo 6000 AC Induction Motor (Frame 180 MG, Type TK-F)
with rated nameplate values of 230 VAC, 3-Phase, 4-Pole, 60 Hz., 1740 RPM and 74.7 Amps. As a
NEMA Design Class A, which is a standard AC induction motor design, the motor features normal
starting torque, normal starting current and low slip [55, 56]. The whole system is 2.5 m in total
length, has a total mass of 1680 kg and is designed to be either negatively buoyant or nearly neutrally
buoyant. The two positively buoyant elliptically shaped floats where are rigidly attached to the
turbine’s main body are to counteract the hydrodynamic torque of the rotor as shown in Figure 31.
All structural components, including: the main generator housing, the drive shaft, and the
mooring connection assembly are made from 316L stainless steel. 316L was chosen for its strength,
excellent forming and welding characteristics, high creep resistance, and corrosion and pitting
resistance. Nickel Copper Alloy 400 was the chosen material for all bolting hardware because of its
anti-galling properties, and its proximity to 316L with regard to galvanic corrosion [56].

Figure 31: Solid model rendering of the negatively buoyant SNMREC's 20kW 1.5m radius experimental
research turbine (left) and neutrally buoyant (right). The rotor blades are not accurately drawn in this
rendering (Source: F.R. Driscoll et al. [55] and J.H. VanZwieten et al. [56])

The performance of the experimental 20 kW ocean current turbine with or without the generator
has been numerically quantified in many studies [57, 58, 59, 60, 61, 62] while studies has been
conducted for mooring analysis [63], anchor selection, [16, 17], and necessary instrumentation as well
as intelligent monitoring system [53]. In December 2013, the SNMREC researchers conducted an
experimental offshore tow test, in the Gulf Stream, of the 20 kW ocean current turbine as shown in
Figure 33 [64]. Although this test did not include a generator to convert the rotor's motion into
electrical energy, very valuable hydrodynamic motion data was collected by them. Electrical systems
are separately being prepared in a laboratory setting for future integration and towed turbine
experiments. Finally, the next phase of the project is the numerical performance analysis and
linearization of the models for advance control system development in a scale experimental ocean
current turbine of 720 kW. Some studies have already been conducted according to the references
[65, 66].
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Figure 32: Rendition of the SNMREC's proposed offshore test configuration.
“MTB” refers to the buoy (Mooring and Telemetry Buoy) which acts both
as a mooring point and persistent environmental measurement platform.
(Source: M. Borghi et al. [59])

Figure 33: SNMREC’s research vessel during transportation of the research ocean current turbine offshore
Fort Pierce for sea testing (left) and a state of the art rendering SNMREC’s experimental turbine, a typical
axial-flow configuration with stabilizing buoyancy pods, in operation (right)
(Source: FAU SNMREC [53])

1.4

Generator and Drive-Train Options

The ocean current industry and, especially, the drive-train are at an early stage of development.
While many different designs are possible for OCTs, most designs will use a rotor blade to rotate the
shaft of a motor/generator as shown in Figure 34 [67]. To minimize the cost of creating initial
experimental and prototype turbines, these systems will likely use off-the-shelf motors (non custom)
for generators [56]. However the business is characterized by prototype building and new ideas being
brought forward. There is a significant risk if the generator is also a prototype. The environment also
requires the generator to be enclosed in an air tight capsule and protect the capsule from flooding and
corrosion.
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Figure 34: Principle scheme of ocean current turbine system
(Source: M.S. Guney. and K. Kaygusuz [67])

As new technology is being tested on prototype devices, many developers choose geared
solutions with off-the shelf generators, reducing the number of prototype elements to a minimum.
Both induction machines and synchronous machines are being used. OCTs that have no choice should
use prototype generators such as Permanent Magnet (PM) synchronous machines. Some developers
choose to use gearless solutions, and these tend to utilize PM generators. Removing gears increases
the size of the generator significantly. For seabed-mounted turbines there is no clear pattern when it
comes to drive trains. Most of them are geared, but some are direct driven. Those which are direct
driven seem to utilize PM generators. Both synchronous and asynchronous generators are in use, but it
may seem like some asynchronous generators are being replaced by synchronous generators in later
designs [18]. Compared to seabed-mounted devices, floating turbines have the added constraint of
keeping weight as low as possible. This may be the reason why almost all manufacturers have chosen
gearbox in their powertrain [18]. It is interesting to see some ocean current turbine developers choose
geared solutions since maintenance and repair is even more costly in underwater equipment. The
cause could be that the expected lifetime of mechanical gears has increased lately.
Because ocean current turbines are always placed under water, and often far from docks and
workshops, it is of utmost importance to design a system that requires as little maintenance as
possible, and that has the lowest possible risk of failure. This is a problem for all components in the
ocean turbine, and the manufacturers try to keep the number of risky components to a minimum. This
includes all moving parts, like seals, gears, breaks etc. Machines with brushes are not desirable in
such underwater structures, because brushes are a common source of failure, although brush quality
has improved greatly in the last decades [18].
The general trend is that several drive train options are being tested and all of them are
variable speed driven and alternative current (AC) generators. Direct Current (DC) cannot be
transmitted across the long distances and their usage is restricted in very nearly environment from
utilization place. On the other hand, AC can be transferred easily over long distances. Additionally
high voltage AC has good transmitting efficiency and it is excellently suitable for providing electricity
in remote areas [67]. For manufacturers seeking to minimize risk for prototype turbines, prototype
generators are avoided, and induction generators (IG) which are robust and reliable seem to be the
preferred choice. Most powertrains include a gearbox, reducing the size and weight of the generator.
Especially for floating turbines, this seems to be the trend.
The selection of generator is also dependent on the question, how big or small is the power of the
system relatively to the other generators of the land grid. Most cases are confronted that the power of
hydrokinetic system is very small as compared to other generator connected to the grid. Then the
following control mechanisms for induction generator are possible, with the most suitable the variable
speed drive train, such as [68]:
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Induction generator connected directly to the grid. This is the cheapest system, in which the
current turbine must run at nearly constant speed. A stationary water regime is a must for this
system.



Induction generator with multi-winding of motor to balance of speed fluctuation of the current
turbine.



Variable speed generator can be chosen. The output of this type of generator is rectified to
DC. Then the defined AC is produced by a suitable for the grid DC–AC inverter.



Double-fed induction generator also can be used. Active change of the current and phase in
the generator’s rotor constitutes the increasing of the effective slip on induction generator.

Finally, an exploded view and a cutaway view is shown in Figure 35 for an IG and PM respectively
[69] while a comparison between them as an ocean current turbine generator is given in Table 1 [70].

Figure 35: AC Wound type Induction Machine exploded view (left) and
AC Permanent magnet machine cutaway view (right)
(Source: Leeson Electric Corporation [69])

Table 1: IG and PM topology comparison for OCT
Type

Pros




IG



PM






Cons

Full speed range
No brushes on the generator
Complete control of active and reactive
power
Proven technology
Limited speed range -30% to +30% around
synchronous speed (for wound type)
Full speed range
Possible to avoid gear
Inexpensive small capacity PWM inverter
Complete control of active and reactive
power
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Full scale power converter
Need for gear
Need slip rings (for wound
type)




Full scale power converter
Multipole generator (big and
heavy)
Permanent magnets needed



1.5

Thesis Outline

The development of a numeric simulation for predicting the performance of an Ocean Current
Energy Conversion System is presented in this thesis along with a control system development using a
PID controller for the achievement of specified rotational velocity set-points. In the beginning, this
numeric model is implemented in MATLAB/Simulink® and it is used to predict the performance of a
three phase squirrel single-cage type induction motor/generator in two different cases. The first case is
a small 3 meter rotor diameter, 20 kW ocean current turbine with fixed pitch blades, and the second
case a 20 meter, 720 kW ocean current turbine with variable pitch blades. Furthermore, the second
case is also used for the development of a Voltage Source Variable Frequency Drive for the induction
motor/generator. Comparison among the Variable Frequency Drive and a simplified model is applied.
Finally, the simulation is also used to estimate the average electric power generation from the 720 kW
Ocean Current Energy Conversion System which consists of an induction generator and an ocean
current turbine connected with a shaft which modeled as a mechanical vibration system.
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CHAPTER 2
INDUCTION MOTORS/GENERATORS

2.1

Introduction

Alternative current (AC) induction motors are the most common electric motors used in
industrial motion control systems, onboard vessels, ocean engineering applications as well as in main
powered home appliances. They have simple and rugged design, natural protection against short
circuits, low build cost, low maintenance cost and direct connection to an AC power source are some
of the main advantages of AC induction motors [71].
Various types of AC induction motors are available in the market. Different motors are suitable
for different applications. Although AC induction motors are easier to design than DC motors, the
speed and the torque control in various types of AC induction motors require a greater understanding
of the design and the characteristics of these motors [71].
In the next sections, is discussed the principles of design and operation of an AC induction
motor/generator; the different types, their characteristics, the selection criteria for different
applications etc. as well as the modeling and performance analysis via MATLAB/Simulink® for
OCTs application.

2.2

Principles of Design and Operation

In this section, the principles of design and operation of an AC induction motor/generator
(IM/IG) are presented with details. More specifically, the three-phase AC squirrel single cage
induction motor/generator is presented comprehensively with many figures and diagrams.

2.2.1

Basic Construction

Like most motors, an AC induction motor has a fixed outer portion, called the stator and a rotor
that spins inside with a carefully engineered air gap between the two [71]. A cutaway and a
breakdown description of a typical three-phase induction motor are shown in Figure 36.
Two sets of electromagnets are formed inside any motor. In an AC induction motor, one set of
electromagnets is formed in the stator because of the AC supply connected to the stator windings. The
alternating nature of the supply voltage induces an Electro-Motive Force (EMF) in the rotor as per
Lenz’s law [72], thus generating another set of electromagnets; hence the name – induction motor.
Interaction between the magnetic field of these electromagnets generates twisting force, or torque. As
a result, the motor rotates in the direction of the resultant torque. The rotation of the magnetic field in
an induction motor has the advantage that no electrical connections need to be made to the rotor
[71].
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Figure 36: A cutaway basic parts description (left) and breakdown detailed description (right)
of a typical three-phase induction motor (Source: Electromotors WEG SA, Brazil [73])

2.2.2

Stator

The stator is the stationary part of the induction motor. The stator consists of the frame (yoke)
and the stationary core. The frame is only as a support of the stator core and can be smooth
(Figure 36 – left) or ribbed (Figure 36 – right) while the core is made up of several thin laminations of
aluminum or cast iron. They are punched and clamped together to form a hollow cylinder (stator
core) with slots so that carry the magnetic flux as shown in Figures 37 and 38. The stator core is
laminated to reduce eddy currents, reducing losses and heating [74].

Figure 37: Stator windings partially completed (left) and completed (right)
(Source: Electrical-Know-How [74])

Figure 38: Stator lamination
(Source: W. Tong [74])
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Coils of insulated wires are inserted into these slots so that carry the electric current. These coils
can either be form wound, where the wire is square or rectangular and the turns are systematically
arranged, or random wound, where the wire is round and the arrangement between the turns is not
definite as shown in Figure 39. Random windings are used on lower kW machines where it is
impractical to use form coils. Random windings are made from a lower cost magnet wire that is film
coated and round while the form windings use square or rectangular magnet wire. With random
windings, the mechanization of manufacturing is also increased to add to a lower cost. Moreover, the
cross-sectional area of these windings must be large enough for the power rating of the motor and for
a three-phase motor, three (3) sets of winding are required, one for each phase connected in either star
or delta [76].

Figure 39: Form wound coils (left) and random wound coils (right)
(Source: Kato Engineering Inc. [76])

Each grouping of coils, together with the core it surrounds, forms an electromagnet (a pair of
poles) on the application of AC supply. The number of poles of an AC induction motor depends on
the internal connection of the stator windings. The stator windings are connected directly to the
power source. Internally they are connected in such a way, that on applying AC supply, a rotating
magnetic field is created [71].
Finally, the slots employed in the stator are in general three types [77]. The entirely open type,
the semi-closed type and the tapered type as displayed in Figure 40. Operating performance of the
induction motors depends upo the shape and the number of the stator slots.

Figure 40: Different types of stator slots:
Semi-closed (left), Open (middle) and Tapered (right)
(Source: V-Tech e-Notes [77])

2.2.3

Rotor (Armature)

The rotor is the rotating part of the induction motor. The rotor is made up of several thin steel
laminations with evenly spaced bars, which are made up of aluminum or copper, along the periphery.
In the most popular type of rotor, which is the squirrel cage rotor, these bars are connected at ends
mechanically and electrically by the use of rings. Almost 90% of induction motors have squirrel cage
rotors, either single cage or double cage while the rest 10% have wound type rotors. This is because
the squirrel cage rotor has a simple and rugged construction. The rotor consists of a cylindrical
laminated core with axially placed parallel slots for carrying the conductors. Each slot carries a
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copper, aluminum, or alloy bar. These rotor bars are permanently short-circuited at both ends by
means of the end rings, as shown in Figure 41. This total assembly resembles the look of a squirrel
cage, as shown in Figure 42, which gives the rotor its name [71].

Figure 41: Squirrel cage induction rotor (left) and wound type induction rotor (right)
(Source: U.S. DOE [78])

Figure 42: 3D solid model of squirrel single
cage rotor’s bars with three iron cores
(Sources: Wikipedia [79])

The rotor slots are not exactly parallel to the shaft. Instead, they are given a skew for two main
reasons. The first reason is to make the motor run quietly by reducing magnetic hum and to decrease
slot harmonics. The second reason is to help reduce the locking tendency of the rotor (avoid
“cogging”). The rotor teeth tend to remain locked under the stator teeth due to direct magnetic
attraction between the two. This happens when the number of stator teeth is equal to the number of
rotor teeth. Another reason is that the rotor resistance is increased due to comparatively lengthier
rotor conductor bar [71].
The number of rotor slots is selected in relation to number of stator slots otherwise undesirable
effects will be found at the starting of the motor [80, 81]. Operating performance of the induction
motors depends upon the shape and the number of the rotor slots. The slots are employed in the
squirrel single-cage rotors are generally two types; the open type and the close type as shown in
Figure 43 [75]. The selection of open or closed rotor slot design involves the trade-off because each
design has its own advantages and disadvantages, depending on different applications. Various
double-cage rotor slots for improving motor start-up and normal operation can be found in Reference
[82].
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Figure 43: Squirrel single-cage rotor slots:
open type (left) and closed type (right)
(Source: W. Tong [75])

The armature winding are not connected to the other parts of the motor. The rotor is mounted on
the shaft using bearings on each end; one end of the shaft is normally kept longer than the other for
driving the load. Some motors may have an accessory shaft on the non-driving end for mounting
speed or position sensing devices. Between the stator and the rotor, there exists an air gap, through
which due to induction, the energy is transferred from the stator to the rotor. The generated torque
forces the rotor and then the load to rotate. Regardless of the type of rotor used, the principle
employed for rotation remains the same [71]. A cross sectional view of a typical induction motor is
shown in Figure 44.

Figure 44: Cross sectional view of a typical
induction motor (Source: EEP [82])

2.2.4

Number of Poles and Speed

Every AC induction motor has poles, just like a magnet. However, unlike a simple magnet, these
poles are formed by bundles of magnet wire (windings) wound together in the slots of the stator core.
In most cases, you can look inside the motor and count the number of poles in the winding since they
are distinct bundles of wire evenly spaced around the stator core as shown in Figure 45. It is possible
to determine the number of poles by looking at the stator but it usually a very tedious process because
it is necessary to determine which slot each coil is in and how each coil is connected to every other
coil.
The number of poles, which is always an even number since the magnetic poles always occurs
in pairs, combined with the AC line frequency (Hz) is all that determine the no-load revolutions per
minute (rpm) of the induction motor or the speed of the rotating magnetic field created by the stator
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which called synchronous speed. So, all four-pole motors will run at the same speed under no-load
conditions, all six-pole motors will run at the same speed, and so on as shown in Figure 46 [75].

Figure 45: Three-phase generator: 24 poles of 18 coils with 80 turns each
and 6 coils in each phase connected in series (Source: Instructables [83])

If the rotor were turning at the synchronous speed, there would be no relative velocity between
the rotor conductors and the stator Electro-Motive Force (EMF). This would result in zero EMF
along the rotor conductors and also no current and no force on them. Thus, the induction motor
never reaches synchronous speed and operates at some speed less than synchronous speed. The
difference between the rotating rotor speed and the synchronous speed is defined as the sleep speed.
The sleep speed normalized to the synchronous speed is defined as slip s. So, if the induction rotor
speed is equal the synchronous speed then s=0 and if the motor is stationary then s=1 [84].

Figure 46: Synchronous speed (y-axis) versus number of
pole pairs (x-axis) for 50Hz and 60Hz system frequency
(Source: W. Tong [75])
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2.2.5

Operating Principle for Three (3) Phase

Virtually all electrical motors use magnetic field rotation to spin their rotors. A three-phase AC
induction motor is the only type where the rotating magnetic field is created naturally in the stator
because of the nature of the supply. DC motors depend either on mechanical or electronic
commutation to create rotating magnetic fields. A single-phase AC induction motor depends on extra
electrical components to produce this rotating magnetic field [84].
According to Faraday’s law "an EMF induced in any circuit is due to the rate of change of
magnetic flux linkage through the circuit". As the rotor winding in an induction motor are either
closed through an external resistance or directly shorted by end ring, and cut the stator rotating
magnetic field, an EMF is induced in the rotor copper bar and due to this EMF a current flows
through the rotor conductor. Here the relative velocity between the rotating flux and static rotor
conductor is the cause of current generation; hence as per Lenz's law the rotor will rotate in the same
direction to reduce the cause i.e. the relative velocity [84].
2.2.5.1

Rotating Magnetic Field

More specifically, to understand how an induction motor operates, we must first unravel the
mysteries of the rotating magnetic field. Because both the rotor and stator iron surfaces are smooth
(apart from the regular slotting), and are separated by a small air-gap, the flux produced by the stator
windings crosses the air-gap radially. The behavior of the motor is dictated by this radial flux, so it is
easier to concentrate first on establishing a mental picture of what is meant by the ‘flux wave’ in an
induction motor [84].
The pattern of flux in an ideal four (4) pole motor supplied from a balanced three (3) phase
source is shown in Figure 47 (left). The top sketch corresponds to time t = 0 seconds; the middle one
shows the flux pattern one-quarter of a cycle of the supply later (i.e. 5 ms if the frequency is 50 Hz);
and the lower one corresponds to a further quarter cycle later. It should be noted that the pattern of
flux lines is repeated in each case, except that the middle and lower ones are rotated by 45o and 90o,
respectively, with respect to the top sketch [84].
The term‘4-pole’ reflects the fact that flux leaves the stator from two N poles, and returns at two
S poles. Note, however, that there are no physical features of the stator iron that mark it out as being
4-pole, rather than say 2-pole or 6-pole. As already mentioned, it is the layout and interconnection of
the stator coils which set the pole-number. If the variation of the radial air-gap flux density with
respect to distance round the stator can be plotted, at each of the three instants of time, the patterns
shown in Figure 47 (right) are appeared. The first feature to note is that the radial flux density varies
sinusoidal in space. There are two N peaks and two S peaks, but the transition from N to S occurs in a
smooth sinusoidal way, giving rise to the term ‘flux wave’. The distance from the center of one N
pole to the center of the adjacent S pole is called the pole-pitch, for obvious reasons. The pole-number
must be an even integer, since for every N pole there must be an S pole [84].
Staying with Figure 47 (right), it can be mentioned that after one-quarter of a cycle of the mains
frequency, the flux wave retains its original shape, but has moved round the stator by half a polepitch, while after half a cycle it has moved round by a full pole-pitch. If we had plotted the patterns at
intermediate times, we would have discovered that the wave maintained a constant shape, and
progressed smoothly, advancing at a uniform rate of two pole-pitches per cycle of the supply. The
term ‘traveling flux wave’ is thus an appropriate one to describe the air-gap field [84].
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Figure 47: Flux pattern in a 4-pole induction motor at three successive instants of
time, each one-quarter of a cycle apart (left) and radial flux density distribution
in the air-gap at the three instants shown in the left (right)
(Source: A. Hughes and B. Drury [84])

2.2.5.2

Production of Rotating Magnetic Field

As already mentioned, the stator winding of an induction motor consists of a uniform array of
identical coils, located in slots. The coils are in fact connected to form three identical groups or phasewindings, distributed around the stator, and symmetrically displaced with respect to one another. The
three phase-windings are connected either in star (wye) or delta (mesh), as shown in Figure 48 [84].
The three phase-windings are connected to a balanced 3-phase AC supply, and so the currents
(which produce the EMF that sets up the flux) are of equal amplitude but differ in time-phase by onethird of a cycle (120o), forming a balanced 3-phase set [84].

Figure 48: Star (wye) and delta (mesh) connection of the
three phase-windings of a 3-phase induction motor
(Source: A. Hughes and B. Drury [84])

The aim of the winding designer is to arrange the layout of the coils so that each phase-winding,
acting alone, produces an EMF wave (and hence an air-gap flux wave) of the desired pole-number,
and with a sinusoidal variation of amplitude with angle. Getting the desired pole-number is not
difficult: you simply have to choose the right number and pitch of coils, as shown by the diagrams of
an elementary 4-pole winding in Figure 49 [84].
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In Figure 49 (up) it can be seen that by positioning two coils (each of which spans one polepitch) 180o apart the correct number of poles can be obtained (i.e. 4). However, the air gap field –
shown by only two flux lines per pole for the sake of clarity – is uniform between each go and return
coil-side, not sinusoidal. A clearer picture of the air-gap flux wave is presented in the developed view
in Figure 49 (down), where more equally spaced flux lines have been added to emphasize the
uniformity of the flux density between the ‘go’ and ‘return’ sides of the coils. Finally, the plot of the
air-gap flux density underlines the fact that this very basic arrangement of coils produces a rectangular
flux density wave, whereas what we are seeking is a sinusoidal wave [84].

Figure 49: Arrangement (up) and developed diagram (down) showing elementary
4-pole, single-layer stator winding consisting of four conductors spaced by 90o.
The ‘go’ side of each coil (shown by the plus symbol) carries current into the
paper at the instant shown, while the ‘return’ side (shown by the dot) carries
current out of the paper (Source: A. Hughes and B. Drury [84])

We can improve matters by adding more coils in the adjacent slots, as shown in Figure 50. All
the coils have the same number of turns, and carry the same current. The addition of the extra slightly
displaced coils gives rise to the stepped waveform of MMF and air-gap flux density shown in Figure
50. It is still not sinusoidal, but is much better than the original rectangular shape [84].

Figure 50: Developed diagram showing flux density produced by one
phase of a single-layer winding having three slots per pole per phase
(Source: A. Hughes and B. Drury [84])
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It turns out that if we were to insist on having a perfect sinusoidal flux density waveform, we
would have to distribute the coils of one phase in a smoothly varying sinusoidal pattern over the
whole periphery of the stator. This is not a practicable proposition, first because we would also have
to vary the number of turns per coil from point to point, and secondly because we want the coils to be
in slots, so it is impossible to avoid some measure of discretization in the layout. For economy of
manufacture we are also obliged to settle for all the coils being identical, and we must make sure that
the three identical phase-windings fit together in such a way that all the slots are fully utilized [84].
Despite these constraints we can get remarkably close to the ideal sinusoidal pattern, especially
when we use a ‘two-layer’ winding (in which case the stator slots may contain turns from more than
one phase winding). A typical arrangement of one phase is shown in Figure 51. The upper expanded
sketch shows how each coil sits with its ‘go’ side in the top of a slot while the ‘return’ side occupies
the bottom of a slot rather less than one pole-pitch away. Coils which span less than a full pole-pitch
are known as short-pitch or short-chorded: in this particular case the coil pitch is six slots and the
pole-pitch is nine slots, so the coils are short pitched by three slots. This type of winding is almost
universal in all but small induction motors, the coils in each phase being grouped together to form
‘phase-bands’ or ‘phase-belts’. Since we are concentrating on the field produced by only one of the
phase-windings (or ‘phases’), only one-third of the coils in Figure 51 are shown carrying current.
The remaining two-thirds of the coils form the other two phase-windings, as discussed below.
Returning to the flux density plot in Figure 5.5 we see that the effect of short pitching is to increase
the number of steps in the waveform, and that as a result the field produced by one phase is a fair
approximation to a sinusoid [84].
The current in each phase pulsates at the supply frequency, so the field produced by say phase
A, pulsates in sympathy with the current in phase A, the axis of each ‘pole’ remaining fixed in space,
but its polarity changing from N to S and back once per cycle. There is no hint of any rotation in the
field of one phase, but when the fields produced by each of the three phases are combined, matters
change dramatically [84].

Figure 51: Developed diagram showing layout of windings in a 3-phase, 4-pole,
two layer induction motor winding, together with the flux density wave produced
by one phase acting alone. The upper detail shows how the coil-sides form upper
and lower layers in the slots (Source: A. Hughes and B. Drury [84])
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2.2.5.3

Resultant 3-phase Field

The layout of coils for the complete 4-pole winding is shown in Figure 52 (up). The ‘go’ sides
of each coil are represented by the capital letters (A, B, C) and the ‘return’ sides are identified by bars
over the letters (A; B; C). For the sake of comparison, a 6-pole winding layout that uses the same
stator slotting is shown in Figure 5.6 (down): here the pole-pitch is six slots and the coils are shortpitched by one slot [84].

Figure 52: Developed diagram showing arrangement of 3-phase, two-layer windings
in a 36-slot stator. A 4-pole winding with three slots/pole/phase is shown (up)
and a 6-pole winding with two slots/pole/phase is shown (down)
(Source: A. Hughes and B. Drury [84])

Returning to the 4-pole winding, it can be seen that the windings of phases B and C are identical
with that of phase A apart from the fact that they are displaced in space by plus and minus two-thirds
of a pole-pitch, respectively. Phases B and C therefore also produce pulsating fields, along their own
fixed axes in space. But the currents in phases B and C also differ in time-phase from the current in
phase A, lagging by one-third and two-thirds of a cycle, respectively. Therefore, to find the resultant
field the fields of the three phases must be superimposed, taking account not only of the spatial
differences between windings, but also the time differences between the currents. This is a tedious
process, so the intermediate steps have been omitted and instead we move straight to the plot of the
resultant field for the complete 4-pole machine, for three discrete times during one complete cycle, as
shown in Figure 53 [84].

Figure 53: Resultant air–gap flux density wave produced by a complete
3-phase, 4-pole winding at three successive instants in time
(Source: A. Hughes and B. Drury [84])
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It is obvious that the three pulsating fields combine beautifully and lead to a resultant 4-pole
field which rotates at a uniform rate, advancing by two pole-pitches for every cycle of the supply. The
resultant field is not exactly sinusoidal in shape (though it is actually more sinusoidal than the field
produced by the individual phase-windings), and its shape varies a little from instant to instant; but
these are minor worries. The resultant field is amazingly close to the ideal traveling wave and yet the
winding layout is simple and easy to manufacture. This is an elegant engineering achievement,
however one looks at it [84].
The direction of rotation depends on the order in which the currents reach their maxima, i.e. on
the phase-sequence of the supply. Reversal of direction is therefore simply a matter of interchanging
any two of the lines connecting the windings to the supply [84].

2.2.6

Main (Air-Gap) Flux and Leakage Flux

Broadly speaking the motor designer shapes the stator and rotor teeth to encourage as much as
possible of the flux produced by the stator windings to pass right down the rotor teeth, so that before
completing its path back to the stator it is fully linked with the rotor conductors which are located in
the rotor slots. This tight magnetic coupling between stator and rotor windings is necessary for good
running performance, and the field which provides the coupling is of course the main or air-gap field.
In practice the vast majority of the flux produced by the stator is indeed main or ‘mutual’ flux. But
there is some flux which bypasses the rotor conductors, linking only with the stator winding, and
known as stator leakage flux. Similarly not all the flux produced by the rotor currents links the stator,
but some (the rotor leakage flux) links only the rotor conductors [84].
The use of the pejorative-sounding term ‘leakage’ suggests that these leakage fluxes are
unwelcome imperfections, which we should go out of our way to minimize. However, while the
majority of aspects of performance are certainly enhanced if the leakage is as small as possible, others
(notably the large and unwelcome current drawn from the mains when the motor is started from rest
directly on the utility supply) are made much worse if the coupling is too good. So it comes up the
somewhat paradoxical situation in which the designer finds it comparatively easy to lay out the
windings to produce a good main flux, but is then obliged to juggle the detailed design of the slots in
order to obtain just the right amount of leakage flux to give acceptable all-round performance [84].

2.2.7

Types of AC Induction Motors
Generally, induction motors are categorized based on the number of stator windings. They are:

 Single-phase induction motor
 Three-phase induction motor

2.2.7.1

Single-Phase

There are probably more single-phase AC induction motors in use today than the total of all the
other types put together. It is logical that the least expensive, lowest maintenance type motor should
be used most often. The single-phase AC induction motor best fits this description [71].
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As the name suggests, this type of motor has only one stator winding (main winding) and
operates with a single-phase power supply. In all single-phase induction motors, the rotor is the
squirrel cage type [71].
The single-phase induction motor is not self-starting. When the motor is connected to a singlephase power supply, the main winding carries an alternating current. This current produces a pulsating
magnetic field. Due to induction, the rotor is energized. As the main magnetic field is pulsating, the
torque necessary for the motor rotation is not generated. This will cause the rotor to vibrate, but not to
rotate. Hence, the single phase induction motor is required to have a starting mechanism that can
provide the starting kick for the motor to rotate [71].
The starting mechanism of the single-phase induction motor is mainly an additional stator
winding (start/auxiliary winding) as shown in Figure 54. The start winding can have a series capacitor
and/or a centrifugal switch. When the supply voltage is applied, current in the main winding lags the
supply voltage due to the main winding impedance. At the same time, current in the start winding
leads/lags the supply voltage depending on the starting mechanism impedance. Interaction between
magnetic fields generated by the main winding and the starting mechanism generates a resultant
magnetic field rotating in one direction. The motor starts rotating in the direction of the resultant
magnetic field. Once the motor reaches about 75% of its rated speed, a centrifugal switch disconnects
the start winding. From this point on, the single-phase motor can maintain sufficient torque to operate
on its own [71].

Figure 54: Single-phase AC induction motor with
(right) and without (left) a start mechanism
(Source: Microchip Technology Inc. [71])

Except for special capacitor start/capacitor run types, all single-phase motors are generally used
for applications up to 3/4 HP only. Depending on the various start techniques, single phase AC
induction motors are further classified as shown below [71]:
 Split-Phase AC Induction Motor
 Capacitor Start AC Induction Motor
 Permanent Split Capacitor AC Induction Motor (PSC)
 Capacitor Start/Capacitor Run AC Induction Motor
 Shaded-Pole AC Induction Motor
Torque-Speed characteristic curves of different types of single-phase induction motors are
shown in Figure 55 [71]. Bear in mind that the curves shown in Figure 55 are general shapes and
each single-phase induction motor design would have its own distinct values different from the
percentages reflected in these curves. However, the shape of the curves remains the same.
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Figure 55: Torque-Speed curves of different types of single-phase induction
motors for constant voltage and constant frequency operation
(Source: Microchip Technology Inc. [71])

2.2.7.2

Three-Phase

Three-phase AC induction motors are widely used in industrial and commercial applications.
They are classified, as already mention, either as squirrel cage or wound-rotor motors. These motors
are self-starting and use no capacitor, start winding, centrifugal switch or other starting device. They
produce medium to high degrees of starting torque. The power capabilities and efficiency in these
motors range from medium to high compared to their single-phase counterparts. Popular applications
include grinders, lathes, drill presses, pumps, compressors, conveyors, also printing equipment, farm
equipment, electronic cooling, other mechanical duty applications etc. [71].
The following diagram illustrates the characteristics of a multi-phase induction motor when
configured as either motor or as a generator. A detailed description about the motoring mode has
already mentioned in previous pages. In generator mode however, the stator is still connected to the
power grid providing the necessary rotating field, but the rotor shaft is driven by external means at a
speed faster than the synchronous speed so that the electromagnetic reactions are reversed since the
rotor will rotate faster than the rotating magnetic field of the stator so that the polarity of the slip is
reversed and the polarity of the voltage and current induced in the rotor will likewise be reversed. At
the same time, by transformer action, the current in the rotor will induce a current in the stator coils
which now supply the generator's output energy to the load. As the rotor speed is increased above the
synchronous speed, the induced voltage and the current in the rotor bars and the stator coils will
increase as the relative speed between the rotor and the stator's rotating field and hence the slip
increases. This in turn will require a higher torque to maintain the rotation [85].
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Figure 56: Torque-Speed characteristic curve (including slip) of a multi-phase
induction machine in motoring and generating mode for constant voltage
and frequency operation (Source: Electropaedia [85])

As it can be seen from Figure 56, the torque is directly proportional (linear) to the slip s within
the stable operating region around the synchronous speed of the machine and the frequency of the
rotor current is the same as the slip frequency. Moreover, the torque-speed characteristic curve of a
multi-phase induction machine working as a brake, motor or generator is shown in Figure 57 [86].

Figure 57: AC induction machine torque-slip curve showing braking, motor and
generator regions for constant voltage and frequency operation
(Source: A. E. Fitzgerald et al. [86])
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Based on Figure 57, the slip values for different operations are as shown below:





If 0 < s < 1 : Motor region (absorb electric power and convert to mechanical power)
If -1 < s < 0 : Generator region (mechanical power is converted to electric power)
If s ≥ 1 : Braking region (absorb mechanical power)
If s = 0 : No torque (no conversion of one type of power to another)

The torque developed by a typical multi-phase induction motor depends on its speed but the
relation between the two cannot be represented by a simple equation. However, it is easier to show
the relationship in the form of a curve as shown in previous pages for single phase and three-phase
induction machines.
The Torque–Speed characteristic curve terminology of a typical multi-phase induction motor
along with the current curve is displayed in Figure 58 [74]. When the motor is initially started from
standstill at the Starting Current Is or Locked Rotor Current (LRC), the Starting Torque Ts, also called
Locked Rotor Torque (LRT), is produced by the motor to overcome the inertia of the motor drive
system. The starting torque depends on the terminal voltage and the stator and rotor design. As the
motor accelerates, the torque generated by the motor may drop slightly to the local minimum point
known as the Pull-up Torque Tpull. In the case that the Pull-up torque of the motor is less than that
required by its application load, the motor will overheat and eventually stall. Then, a further increase
in motor speed will lead to the increase in torque until it reaches the Breakdown Torque Tb, which is
the highest torque the motor can attain without stalling and also called Pull-out Torque. Starting from
this point, the continuous increase in speed causes the sharp decrease in torque, as well as in motor
current. When the rotor of the motor reaches its full operation speed, ωr, it is loaded to its full-load
torque Tr and the corresponding rated current Ir and slip sr. At the synchronous speed, no torque can
be developed as zero slip (s = 0) implies no induced rotor current (I = 0) and thus no torque (T = 0) as
already mentioned above. This situation only occurs for motors that run while not connected to a load.
Therefore, in the strict sense, an induction machine can never reach the synchronous speed ωs [74].
In order to clearly present the relationship between rotor torque and speed, an absolute value of
torque (usually in N∙m) is used in Figure 58. More frequently, torque is expressed in terms of a
percentage of full-load torque, together with speed in terms of a percentage of synchronous speed
[74].

Figure 58: Torque/Current versus speed/slip ratio curves with terminology
for a typical three-phase induction motor (Source: W. Tong [74])
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2.2.7.2.1

Squirrel Cage Rotor

Almost 90% of the three-phase AC induction motors are of this type. Here, the rotor is of the
squirrel cage type, single or double, and it works as explained in previous pages. The power ratings
range from one-third (1/3) to several hundred HP. Motors of this type rated one horsepower or larger,
cost less and can start heavier loads than their single-phase counterparts [71]. The detailed description
about single cage motor construction is shown in previous pages.
The invention of double-cage rotor was motivated to develop a type of motor that is
characterized by a variable rotor resistance during motor operation. This type of motor offers
preferably high rotor resistance at the motor start-up, high locked torque, low starting current, and
high pull-up torque, while maintaining higher efficiencies when compared to the same power ratings
with single-cage designs. For the specific rotor designs and operating conditions, the comparison of
torque–speed curves of double-cage and single-cage rotors is presented in Figure 59 [74].

Figure 59: Comparison of torque-speed curves between typical single-cage
and double-cage rotors for the same design and operation conditions
(Source: W. Tong [74])

A double-cage consists of a large cage buried deeply in the rotor and a small cage located near
the rotor surface. The conducting bars in the large cage are loosely linked with the stator and have low
resistance and high leakage inductance. In contrary, the conductors in the small cage are closely
linked with the stator and have high resistance and low leakage inductance. At the motor start-up
stage, only the conductor bars in the small cages that have high resistance are effective, providing
high starting torque. In the motor normal operation stage, the conducting bars in both large and small
cages become effective. Some motor manufacturers use a high resistance material such as brass for
the outer cage and a low-resistance material such as copper for the inner cage [74]. A cross section
view of a squirrel double-cage induction motor with an emphasis on the “cages” is shown in Figure 60
[87].
Some large-size motors with double-cage rotors may employ separated end rings to connect the
inner and outer cage, respectively. One of the reasons for this is to reduce thermal stresses induced in
the end rings due to the different coefficients of thermal expansion of the inner and outer cages [74].

41

Figure 60: Cross section of double squirrel
cage rotor (Source: ElectricalEasy [87])

2.2.7.2.2

Wound Rotor

The slip-ring motor or wound-rotor motor is a variation of the squirrel cage induction motor.
While the stator is the same as that of the squirrel cage motor, it has a set of windings on the rotor
which are not short-circuited, but are terminated to a set of slip rings [71]. These are helpful in adding
external resistors and contactors as shown in Figure 61 [74].

Figure 61: Wound rotor induction machines using slip rings and brushes to contact rotor winding
and external resistances for improving motor start characteristics (Source: W. Tong [74])

The slip which is necessary to generate the maximum torque (pull-out torque) is directly
proportional to the rotor resistance. In the slip-ring motor, the effective rotor resistance is increased
by adding external resistance through the slip rings. Thus, it is possible to get higher slip and hence,
the pull-out torque at a lower speed. A particularly high resistance can result in the pull-out torque
occurring at almost zero speed, providing a very high pull-out torque at a low starting current. As the
motor accelerates, the value of the resistance can be reduced, altering the motor characteristic to suit
the load requirement. Once the motor reaches the base speed, external resistors are removed from the
rotor. This means that now the motor is working as the standard induction motor [71].
This motor type is ideal for very high inertia loads, where it is required to generate the pull-out
torque at almost zero speed and accelerate to full speed in the minimum time with minimum current
draw. The downside of the slip ring motor is that slip rings and brush assemblies need regular
maintenance, which is a cost not applicable to the standard squirrel cage motor. If the rotor windings
are shorted and a start is attempted (i.e., the motor is converted to a standard induction motor), it will
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exhibit an extremely high locked rotor current – typically as high as 1400% and a very low locked
rotor torque, perhaps as low as 60%. In most applications, this is not an option [71].
Modifying the speed torque curve by altering the rotor resistors, the speed at which the motor
will drive a particular load can be altered as shown in Figure 62 [74]. At full load, you can reduce the
speed effectively to about 50% of the motor synchronous speed, particularly when driving variable
torque/variable speed loads, such as printing presses or compressors. Reducing the speed below 50%,
results in very low efficiency due to the higher power dissipation in the rotor resistances. This type of
motor is used in applications for driving variable torque/variable speed loads, such as in printing
presses, compressors, conveyer belts, hoists and elevators [71].

Figure 62: Variations of Torque–Speed characteristics of wound induction motors as a function
of rotor resistance. Increasing rotor resistance results in the shift of the breakdown torque
toward zero speed, causing the increase of slip and starting torque and the decrease
of full-load speed. (Source: W. Tong [74])

2.2.8

Load Characteristics

In real applications, various kinds of loads exist with different torque-speed curves. For
example, Constant Torque-Variable Speed Load (screw compressors, conveyors, feeders), Variable
Torque-Variable Speed Load (fan, pump), Constant Power Load (traction drives), Constant PowerConstant Torque Load (coiler drive) and High Starting/Breakaway Torque followed by Constant
Torque Load (extruders, screw pumps). The motor load system is said to be stable when the
developed motor torque is equal to the load torque requirement. The motor will operate in a steady
state at a fixed speed. The response of the motor to any disturbance gives the idea about the stability
of the motor load system. This concept helps to quickly evaluate the selection of a motor for driving a
particular load.
The typical existing loads with their torque-speed curves are described below.
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Constant Torque - Variable Speed Loads
The torque required by this type of load is constant regardless of the speed. In contrast, the
power is linearly proportional to the speed. Equipments, such as screw compressors, conveyors and
feeders, have this type of characteristic [71].

Figure 63: Constant torque/variable power load curve
(Source: Microchip Technology Inc. [71])

Variable Torque - Variable Speed Loads
This is most commonly found in the industry and sometimes is known as a quadratic torque
load. The torque is the square of the speed, while the power is the cube of the speed. This is the
typical torque-speed characteristic of a fan or a pump [71].

Figure 64: Variable torque/variable power load curve
(Source: Microchip Technology Inc. [71])

Constant Power Loads
This type of load is rare but is sometimes found in the industry. The power remains constant
while the torque varies. The torque is inversely proportional to the speed, which theoretically means
infinite torque at zero speed and zero torque at infinite speed. In practice, there is always a finite value
to the breakaway torque required. This type of load is characteristic of the traction drives, which
require high torque at low speeds for the initial acceleration and then a much reduced torque when at
running speed [71].

Figure 65: Variable torque/constant power load curve
(Source: Microchip Technology Inc. [71])
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Constant Power - Constant Torque Loads
This is common in the paper industry. In this type of load, as speed increases, the torque is
constant with the power linearly increasing. When the torque starts to decrease, the power then
remains constant [71].

Figure 66: Constant torque/constant power load curve
(Source: Microchip Technology Inc. [71])

High Starting/Breakaway Torque followed by Constant Torque
This type of load is characterized by very high torque at relatively low frequencies. Typical
applications include extruders and screw pumps [71].

Figure 67: High starting torque followed by constant torque load curve
(Source: Microchip Technology Inc. [71])

2.2.9

Efficiency and Losses

The efficiency of general purpose motors has significantly improved in the last 25 years, largely
as a result of the efforts of motor manufacturers, with assistance from DOE [88]. The Energy Policy
Act (EPAct) of 1992 required that manufacturers meet a set of energy efficiency motor standard levels
for many general purpose motors from 1 HP to 200 HP by 1997 [89]. EPAct has had several effects
on the design and performance of motors. To achieve the required efficiency levels, motor
manufacturers have had to change the designs of many of their NEMA Design A and B models (see
Appendix B).
These changes have at times included reducing the resistance of the rotor and stator circuits; using
electrical grade steel with improved magnetic characteristics for the stator and rotor laminations to
reduce core losses; and redesigning the cooling fan to decrease fan windage losses. Other changes
have included designing motors with a smaller slip (higher speed) and using lower-loss core iron [88].
Losses vary among motors of different sizes and designs; Table 2 shows some typical ranges [88].
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Table 2: Sources of induction motor losses
Friction and Windage
5%–15%
Core (Iron) Losses
15%–25%
Stator
25%–40%
Rotor
15%–25%
Stray Load
10%–20%

The motor redesign process resulted in slight changes in some motor operating characteristics.
Although the initial costs of motors increased 10% to 20% in high-run hour applications,
improvements in motor efficiency can result in very favorable payback periods [88].
Motor AC induction motor efficiencies vary according to several factors, but generally range
from 85% to 97% at full load. The primary factors affecting efficiency are speed, where high-speed
motors tend to be more efficient, and the size of the motor, where larger motors tend to be more
efficient [88].
Additional factors include type of enclosure, where open enclosures tend to be more efficient, and
design classification, where lower-slip motors tend to be more efficient. Figure 68 shows how
efficiency varies with respect to motor horsepower rating and load [88].

Figure 68: Typical AC multi-phase motor
Efficiency versus load at 1800 rpm
(Source: US DOE [88])

2.2.10 Typical Nameplate
Motor standards are established on a country by country basis. Although fortunately, the
standards can be grouped into two major categories: NEMA and IEC (and its derivatives). In North
America, the National Electric Manufacturers Association (NEMA) sets motor standards, including
what should go on the nameplate (NEMA Standard MG 1-10.40 "Nameplate Marking for Medium
Single-Phase and Polyphase Induction Motors" [90]).
In most of the rest of the world, the International Electrotechnical Commission (IEC) sets the
standards (IEC 60034- Part 1) [91]. Or at least many countries base their standards very closely on the
IEC standards (for example, Germany and Great Britain standard closely parallel the IEC standard).
The NEMA and IEC standards are quite similar, although they sometimes use different terminology.
Thus, if one understands the IEC nameplate, it is fairly easy to understand a NEMA nameplate, and
vice versa.
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Most manufacturers display information differently, and name plates often get dirty, damaged,
and occasionally are removed. This can make reading a motor name plate a difficult or frustrating
task. It is useful to have access to the information from the motor name plate throughout the life of the
motor. If a Variable Frequency Drive (VFD) needs to be sized, a motor needs to be replaced or
repaired, correct power factor, purchase parts, or do just about anything with a motor it is necessary to
have the information on the motor name plate.
A typical name plate on an AC induction motor is shown in Figure 69 [92] and the terminology
in Table 3. Finally, some nameplates may even include data such as model and serial number and
specifies the motor safety standard with symbols and logos such as SA, CE etc.

Figure 69: Typical AC induction motor nameplate
(Source: Powersystemsloss.blogspot [92])
Table 3: Nameplate terms and their meaning
Term
Volts
H.P.
AMPS.
R.P.M.
Hertz
Frame
Duty
Date
Code
Class Insulation
NEMA Design
Service Factor
NEMA Nominal
Efficiency
PH
Pole
(Y) or (Δ)
CT/VT
Enclosure Type

Bearings

Description
Rated terminal supply voltage
Rated motor power output
Rated full-load supply current
Rated full-load speed of the motor
Rated supply frequency
External physical dimension of the motor and shaft dimensions based on the NEMA
standards.
Motor load condition
Date of manufacturing
AC motors that are started at full voltage will draw a greater current (amps) than
during normal operations. This is commonly referred to as inrush current or starting
current. These codes represent a range of inrush current.
Insulation class used for the motor construction. This specifies max. limit of the motor
winding temperature
This specifies to which NEMA design class the motor belongs to
Factor by which the motor can be overloaded beyond the full load
Motor operating efficiency at full load
Specifies number of stator phases of the motor
Specifies number of poles of the motor
Specifies whether the motor windings are star (Y) connected or delta (Δ) connected
CT stands for Constant Torque and VT stands for Variable Torque
Displays information about how well the motor is protected from the environment. The
most common enclosure types are Open Drip-Proof (ODP) and Totally Enclosed Fan
Cooled (TEFC).
The drive shaft bearing and the opposite drive shaft bearing specifications. The
different between these two are location in the motor. Every manufacturer has their
own way of displaying bearing information and this can vary widely between
manufacturers.
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Modeling in MATLAB/Simulink®

2.3

In this section, a numerical approach used to model symmetrical poly-phase induction
motors/generators under transient states is presented. There are three ways of how you can build that
numerical model. The first way, and the easier one, is using the SimPowerSystems toolbox of
MATLAB/Simulink® as shown in the below sub-sections [93, 94]. The second way is to “build” the
differential equations which described the symmetrical induction motor in MATLAB/Simulink®
(.mdl file) without using the SimPowerSystems toolbox [95, 96, 97, 98, 99, 100, 101, 102, 103]. The
third and the most difficult way is the creation of a Script file in MATLAB (.m file) where the
numerical approach is coded without using MATLAB/Simulink® [104]. The model description, the
assumptions have been made and the numerical model is presented below.
2.3.1

Model Description

MATLAB/Simulink® provides SimPowerSystems toolbox which is a library containing
dynamic models of three-phase asynchronous/induction machines [105, 106, 107]. The toolbox
provides a set of predetermined electrical and mechanical parameters for various asynchronous
machine ratings of power, phase-to-phase voltage, electrical frequency and rpm. One important
characteristic of this library is that all machines are able to operate either as motors or as generators.
The mode of operation is decided by the sign of the load torque Tm. If the load torque is positive, the
machine operates as a motor, otherwise it operates as a generator [108].
The induction (asynchronous) machine block implements a three-phase squirrel single-cage
induction machine. The toolbox is based on the standard Direct-Quadrate (DQ or dq) analysis shown
in Appendix C. The mathematical modeling based on a fourth-order state-space model that represents
the electrical part of the machine and a second-order system represents the mechanical part [108].
In order for the motor to operate, a mechanical load, Tm, needs to be defined as an input of the
block as well as the three phase stator voltage terminal ports (Equations 2.15) which are identified by
A, B and C letters as shown in Figure 70 [108]. The three phase ports connected in Wye (Y)
configuration. The output of the machine block is a vector, with the symbol m, containing
measurement signals such as rotor or stator currents, fluxes and voltages, rotor electrical angular
velocity and electromagnetic torque.

Figure 70: Induction machine block of
MATLAB/Simulink® (Source: Mathworks Inc. [108])

2.3.2

Model Assumptions

The numerical analysis based on the below assumptions [109, Author]:
1. Both stator and rotor have a symmetric three-phase identical winding system with an angle of
2π/3 while in steady state the voltages and currents are taken to be sinusoidal.
2. All the stator/rotor inductances and resistances are constants and independent of the
temperature and current.
3. All iron losses, the slots, magnetic saturation and eddy currents are neglected.
4. The machine air gap is constant, smooth, and symmetric and the flux density is radial.
5. The magnetic circuits are linear (the stator/rotor permeabilities are assumed to be infinite) and
the operating conditions are balanced.
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2.3.3

Numerical Model

The below section provides the numerical approach, which is a transient non-linear approach
using flux linkages as variables, used to model the symmetrical induction motor. Even when the
voltages and currents are discontinuous the flux linkages are continuous. This gives the advantage of
differentiating these variables with numerical stability. In addition, the flux-linkages representation is
used in motor drives to highlight the process of the decoupling of the flux and torque channels in the
induction machines. This numerical model was developed in the MATLAB/Simulink® environment
using induction motor toolbox (SimPowerSystem library) as already mentioned. The induction motor
model (Equations 1÷11) consists of two main modules: the flux and current model (FCM) and the
electromagnetic torque model (EMTM), as shown in Figure 71.

Figure 71: Block diagram of the 3 phase AC induction motor model (Source: Author)

The FCM solves the induction motor voltage equations, taking into account a stator reference
frame. The Direct-Quadrature or d-q equivalent circuit on stator (synchronous) reference frame is
used (see Appendix C). The electrical circuit diagram of the utilized FCM model is given in Figure 72
[109].

Figure 72: The d-q equivalent circuit model of the three-phase symmetrical
squirrel single-cage (constant Rr) or wound (variable Rr) induction motor
(Source: P. Krause et al. [109])

Using Kirchhoff’s Voltage Law [86], the equations describing the voltages of the FCM for stator and
rotor are the following [109]:
(2.1.1)
(2.1.2)
(2.1.3)
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(2.1.4)
(2.1.5)
(2.1.6)

In these equations the corresponding fluxes can be calculated according to [109]:
(2.2.1)
(2.2.2)
(2.2.3)
(2.2.4)
(2.2.5)
(2.2.6)

The inductance values in the above equations are calculated by [109]:
(2.3.1)
(2.3.2)

In these equations R, L, ω, V, i, and φ denote resistance, inductance, electrical frequency,
voltage, current, and flux respectively, referred to rotor (subscript r) and stator (subscript s) on d-q
axes (subscript d and q respectively). Moreover the subscript m and l referred to magnetizing
inductance and leakage inductance respectively.

Figure 73: Angles between electric frames. The letters S and R
refer to the stator and rotor respectively while the indices a, b, c
refer to the three phase (Source: Author)

The rotor electrical angular velocity ωr and reference frame or synchronous angular velocity ωs
are defined, according to Figure 73 [109], as:
,

(2.4)

50

where θs and θr are the stator (reference frame) angular position and rotor electrical angular position
respectively.
Solving stator and rotor current from equations 2.2.1÷2.2.4 yields to:
(2.5.1)
(2.5.2)
(2.5.3)
(2.5.4)

Replacing equations 2.5.1 and 2.5.2 into 2.5.3 and 2.5.4 respectively yields to:
(2.6.1)
(2.6.2)

and similarly equations 2.6.1 and 2.6.2 into 2.5.1 and 2.5.2 respectively yields to:
(2.7.1)
(2.7.2)

As the induction machine is assumed to have balanced three-phase voltages, the zero sequence
components of the stator and rotor voltages, V0s and V0r, are equal to zero. Moreover, as the induction
machine has a squirrel cage rotor, the q and d-axis rotor voltages, Vqr and Vdr, are equal to zero [109].
So, replacing rotor and stator currents from equations 2.6.1, 2.6.2 and 2.7.1, 2.7.2 back to equations
2.1.1÷2.1.4 yields to:
(2.8.1)
(2.8.2)
(2.8.3)
(2.8.4)

The EMTM calculates the electromagnetic torque, Te, from the current and flux values of the
stator by [109]:
(2.2.9)

where p is the number of pole pairs. If replacing the stator currents (equations 2.6.1 and 2.6.2) in
Equation 2.2.9 making the electromagnetic torque depending only of the fluxes which is useful
because fluxes can be found from the four (4) first order coupled differential equations 2.8.1÷2.8.4.
(2.10)
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The above mentioned mathematical model is a system of 4 first order coupled differential
equations (2.8.1 to 2.8.4), and along with the electromagnetic torque (Equation 2.10) form a system of
5 unknowns and 5 equations, depending only on the d-q voltages.
This electromechanical shaft torque, along with the shaft mechanical load torque, Tm, can then
be used by the mechanical induction model to calculate rotational states of the rotor. These are
calculated according to [108, 109]:
∙

(2.11.1)
(2.11.2)

where ωm is the rotor mechanical angular velocity of the electric motor, J is the combined rotor
and load moment of inertia, F is the viscous friction coefficient of the induction motor and Td is the
dry torque which is neglected for simplicity.
The synchronous angular velocity, ωs, is given also by the following equation, where fs is the
AC system frequency in Hz [75]:
∙ ∙

/

(2.12.1)

∙

(2.12.2)

which describes, in rpm, the number of times per second a rotor pole passes in front of a certain
stator pole.
The rotor electrical angular velocity, ωr, is given also by the following equation [75]:
ωr = (P/2)∙ωm

(2.13)

and the slip ratio, s, according to the below formula [75]:
%

∙ 100

(2.14)

It is important to be noticed that the variable P in Equations 2.12 and 2.13 is the number of
poles. Finally, the induction machine block requires the stator three-phase voltages as an input except
for the mechanical load, Tm, as already mentioned and is shown in Appendix D as well as the solver
parameters. For a stator reference frame the following set of equal-amplitude sinusoidal quantities that
are displaced by 120o can be used [109]:
∙

2

(2.15.1)

∙

2

(2.15.2)

∙

2

(2.15.3)

where VLN is the line to neutral supply voltage and is equal to
RMS value of the line to line supply voltage.
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√
√

with the VLL(rms) to be the

2.4

Case Studies

In this section, two different case studies are examined. The first case is the induction generator
(IG) for the small 3 meter rotor diameter SNMREC’s 20 kW ocean current turbine (OCT) with fixed
pitch blades, and the second case is the induction generator (IG) for the 20 meter rotor diameter
SNMREC’s 720 kW ocean current turbine (OCT) with variable pitch blades.
The first induction generator was sized in 50HP (≃37.3 kW) because the 3 meter rotor diameter
OCT can produce about 20 kW of shaft power for a flow speed of around 2.2 m/s. The ocean currents
off South-East Florida seldom usually exceed 2.2 m/s and if we put this OCT in a flow speed of 3.0
m/s, there are some current energy sites that have this flow speed and SNMREC measured it in the
ocean, it will produce around 50 kW of shaft power and therefore sizing the generator at 50HP is
something necessary for current locations where the flow is strong.
On the other hand, the second induction generator was sized in 720 kW so that match with the
20 meter rotor diameter SNMREC’s ocean current turbine. Based on SNMREC’s ocean current
measurements, in the South-East Florida seldom and at a depth of 25 m, the mean measured kinetic
energy flux is approximately 2.32 kW/m2, which yielding a mean power flux over the swept area of a
20 m diameter rotor of 720 kW.
Steady state analysis with zero and non-zero load, and the behavior of the above mentioned IGs
during transient periods are presented in the below sections.

2.4.1

Case Study I – IG for 20kW OCT

The 3-phase induction motor/generator numerically characteristics used by the model presented
in 2.3.3 are shown in Table 4 and refer to a motor for marine applications. Simulation in steady state
conditions with zero or non-zero load and in transient conditions are shown in Figures 74÷92.
Table 4: 50 HP induction motor/generator parameters
AC Induction Motor/Generator Parameters
37.3 kW , 460 VLL (rms) , 60 Hz , 3600 rpm , Squirrel Single-Cage Rotor
Stator Resistance (Rs)
Rotor Resistance (Rr)
Magnetizing Inductance (Lm)
Total (Rotor & Stator) Inductance (Lls + Llr)
Total Moment of Inertia (J)
Friction Factor (F)
Number of Pole Pairs (p)

2.4.1.1

0.09961 Ω
0.05837 Ω
0.03039 H
0.001734 H
0.40 kg·m2
0.002187 Ν·m·s
1

Steady State with Zero Load

This numerical simulation run was conducted to evaluate the steady state behavior of the 50HP
generator under zero mechanical load (Tm = 0 Nm). The system frequency, fs, is 60Hz and the voltage
line-to-line is kept constant with an RMS value of 460V. Moreover, the synchronous speed of the
generator which also based on the pole numbers (=2) is 3600 rpm. The initial conditions, at t=0
second, are all set to zero except for the initial slip ratio which set to start from 100%.
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As it expected, the electromagnetic torque, Te, is equal to zero, the mechanical and electrical
speed of the rotor are the same at 3600 rpm because the number of poles, and the slip ratio is zero as
shown in Figures 74÷76.

Figure 74: Te versus time for 50HP IG under no load

Figure 75: ωm (=ωr) versus time for 50HP IG under no load

Figure 76: Slip ratio versus time for 50HP IG under no load

2.4.1.2 Steady State with Load
This numerical simulation run was conducted to evaluate the steady state behavior of the 50HP
generator under mechanical load (Tm = -100 N∙m). The system frequency, fs, is 60Hz and the voltage
line-to-line is kept constant with an RMS value of 460V as previous. Moreover, the synchronous
speed of the generator which also based on the pole numbers (=2) is 3600 rpm. The initial conditions,
at t=0 second, are all set to zero except for the initial slip ratio which set to start from 100%.
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The currents and fluxes in stator and rotor are presented with Figures 77÷80 and based on d-q
axis. The electromagnetic torque, Te, is almost equal to the mechanical load, Tm, and the small
difference is based on the friction factor F while the rotor’s mechanical and electrical speed is the
same at 3620 rpm with a slip ratio of 0.55%.

Figure 77: ids (up) and iqs (down) versus time
for 50HP IG under load of -100 N∙m

Figure 78: φds (up) and φqs (down) versus time
for 50HP IG under load of -100 N∙m
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Figure 79: idr (up) and iqr (down) versus time
for 50HP IG under load of -100 N∙m

Figure 80: φdr (up) and φqr (down) versus time
for 50HP IG under load of -100 N∙m
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Figure 81: Te versus time for 50HP IG under
load -100 Ν∙m (value -98 Ν∙m)

Figure 82: ωm (=ωr) versus time for 50HP IG under
load -100 Ν∙m (value 3620 rpm)

Figure 83: Slip ratio versus time for 50HP IG
under load -100 Ν∙m (value 0.55%)

2.4.1.3 Transient
This numerical simulation run was conducted to evaluate the transient behavior and different
steady state conditions of the 50HP generator with initial mechanical load Tm = -100 N∙m and a
reduction step with Tm = -60 N∙m at t=2 seconds. The system frequency, fs, is 60Hz (100% of rated
frequency) and at t=5 seconds is decreased 25% at fs = 45Hz (75% of the rated frequency). The
voltage line-to-line is kept constant with an RMS value of 460V as previous. Moreover, the
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synchronous speed of the generator which also based on the pole numbers (=2) is 3600 rpm at 100%
rated frequency and 2700 rpm at 75% rated frequency. The initial conditions, at t=0 second, are all set
to zero except for the initial slip ratio which set to start from 100%.
The mechanical load and frequency of the system with the step changes are presented in Figures
84 and 85 respectively. The currents and fluxes in stator and rotor during the transient period and in
different steady state conditions are presented in Figures 86÷89 and based on d-q axis. The
electromagnetic torque, Te, follows the changes of mechanical load and its value is decreased from
-98 N∙m to -59 N∙m while the specific change in system frequency has no influence on its final value
as shown in Figure 90. On the other hand, the reduction step of mechanical load at t=2 seconds affect
slightly the rotor’s mechanical and electrical speed (from 3620 rpm to 3610 rpm) as well as the slip
ratio (from 0.55% to 0.27%) while the reduction in system frequency at t=5 seconds, of course,
decrease the rotor’s speed but has minor effect in slip ratio (from 0.27% to 0.5%) as shown in Figures
91 and 92.

Figure 84: Tm versus time for 50HP IG with
a reduction step at t=2 seconds

Figure 85: fs versus time for 50HP IG with
a reduction step at t=5 seconds
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Figure 86: ids (up) and iqs (down) versus time for 50HP IG under
transient and different steady state conditions

Figure 87: idr (up) and iqr (down) versus time for 50HP IG under
transient and different steady state conditions
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Figure 88: φds (up) and φqs (down) versus time for 50HP IG under
transient and different steady state conditions

Figure 89: φdr (up) and φqr (down) versus time for 50HP IG under
transient and different steady state conditions
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Figure 90: Te versus time for 50HP IG under
transient and different steady state conditions

Figure 91: ωm (=ωr) versus time for 50HP IG under
transient and different steady state conditions

Figure 92: Slip ratio versus time for 50HP IG under
transient and different steady state conditions

61

2.4.2

Case Study II – IG for 720kW OCT

The 3-phase induction motor/generator numerically characteristics used by the model presented
in 2.3.3 are shown in Table 5. Simulation in steady state conditions with zero or non-zero load and in
transient conditions are shown in Figures 93÷114.
Table 5: 720 kW induction motor/generator parameters
AC Induction Motor/Generators Parameters
720 kW , 460 VLL(rms) , 60 Hz , 1800 rpm , Squirrel Single-Cage Rotor
Stator Resistance (Rs)
Rotor Resistance (Rr)
Magnetizing Inductance (Lm)
Total (Rotor & Stator) Inductance (Lls + Llr)
Total Moment of Inertia (J)
Friction Factor (F)
Number of Pole Pairs (p)

2.4.2.1

0.001379 Ω
0.0007728 Ω
0.000769 H
0.0000304 H
80 kg·m2
0.099 Ν·m·s
2

Steady State with Zero Load

This numerical simulation run was conducted to evaluate the steady state behavior of the
720 kW generator under zero mechanical load (Tm = 0 N∙m). The system frequency, fs, is 60Hz and
the voltage line-to-line is kept constant with an RMS value of 460V. Moreover, the synchronous
speed of the generator which also based on the pole numbers (=4) is 1800 rpm. The initial conditions,
at t=0 second, are all set to zero except for the initial slip ratio which set to start from 100%.
As it expected, the electromagnetic torque, Te, is equal to zero, the electrical speed of the rotor
are the same with synchronous speed at 1800 rpm and the mechanical speed of the rotor is 900 rpm
because the number of poles while the slip ratio is zero as shown in Figures 93÷95.

Figure 93: Te versus time for 720 kW IG under no load
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Figure 94: ωm versus time for 720 kW IG under no load

Figure 95: ωr versus time for 720 kW IG under no load

Figure 96: Slip ratio versus time for 720 kW IG under no load

2.4.2.2

Steady State with Load

This numerical simulation run was conducted to evaluate the steady state behavior of the
720 kW generator with mechanical load (Tm = -2500 N∙m). The system frequency, fs, is 60Hz and the
voltage line-to-line is kept constant with an RMS value of 460V as previous. Moreover, the
synchronous speed of the generator which also based on the pole numbers (4) is 1800 rpm. The initial
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conditions, at t=0 second, are all set to zero except for the initial slip ratio which set to start from
100%.
The currents and fluxes in stator and rotor are presented with Figures 97÷100 and based on d-q
axis. The electromagnetic torque, Te, is almost equal to the mechanical load, Tm, and the small
difference is based on the friction factor F while the rotor’s electrical speed is at 1806 rpm with a slip
ratio of 0.33% as shown in Figures 101, 103 and 104 respectively. The mechanical speed of the rotor
is at 903 rpm as shown in Figure 102.

Figure 97: ids (up) and iqs (down) versus time
for 720 kW IG under load of -2500 N∙m
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Figure 98: idr (up) and iqr (down) versus time
for 720 kW IG under load of -2500 N∙m

Figure 99: φds (up) and φqs (down) versus time
for 720 kW IG under load of -2500 N∙m
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Figure 100: φdr (up) and φqr (down) versus time
for 720 kW IG under load of -2500 N∙m

Figure 101: Te versus time for 720 kW IG under
load -2500 Ν∙m (value -2497 Ν∙m)
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Figure 102: ωm versus time for 720 kW IG under
load -2500 Ν∙m (value 903 rpm)

Figure 103: ωr versus time for 720 kW IG under
load -2500 Ν∙m (value 1806 rpm)

Figure 104: Slip ratio versus time for 720 kW IG under
load -2500 Ν∙m (value 0.33% rpm)
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2.4.2.3

Transient

This numerical simulation run was conducted to evaluate the transient behavior of the 720 kW
generator with initial mechanical load Tm = -2500 N∙m and an increment step with Tm = -3000 N∙m at
t=4 seconds. The system frequency, fs, is 60Hz (100% of rated frequency) and at t=7 seconds is
decreased 25% at fs = 45Hz (75% of the rated frequency). The voltage line-to-line is kept constant
with an RMS value of 460V as previous. Moreover, the synchronous speed of the generator which
also based on the pole numbers (=4) is 1800 rpm at 100% rated frequency and 1350 rpm at 75% rated
frequency. The initial conditions, at t=0 second, are all set to zero except for the initial slip ratio which
set to start from 100%.
The mechanical load and frequency of the system with the step changes are presented in Figures
105 and 106 respectively. The currents and fluxes in stator and rotor during the transient period and in
different steady state conditions are presented in Figures 107÷110 and based on d-q axis. The
electromagnetic torque, Te, follows the changes of mechanical load and its value is increased from
-2497 N∙m to -2996 N∙m while the specific change in system frequency has no influence on its final
value as shown in Figure 111. On the other hand, the increment step of mechanical load at t=4
seconds affect slightly the rotor’s mechanical and electrical speed (from 1806 rpm to 1803 rpm) as
well as the slip ratio (from 0.33% to 0.17%) while the reduction in system frequency at t=7 seconds,
of course, decrease the rotor’s speed but has minor effect in slip ratio (from 0.17% to 0.3%) as shown
in Figures 113 and 114.

Figure 105: Tm versus time for 720 kW IG with
an increment step at t=4 seconds

Figure 106: fs versus time for 720 kW IG with
a reduction step at t=7 seconds
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Figure 107: ids (up) and iqs (down) versus time for 720 kW IG
under transient and different steady state conditions

Figure 108: idr (up) and iqr (down) versus time for 720 kW IG
under transient and different steady state conditions
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Figure 109: φds (up) and φqs (down) versus time for 720 kW IG
under transient and different steady state conditions

Figure 110: φdr (up) and iqr (down) versus time for 720 kW IG
under transient and different steady state conditions

Figure 111: Te versus time for 720 kW IG under
transient and different steady state conditions

70

Figure 112: ωm versus time for 720 kW IG under
transient and different steady state conditions

Figure 113: ωr versus time for 720 kW IG under
transient and different steady state conditions

Figure 114: Slip ratio versus time for 720 kW IG under
transient and different steady state conditions
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CHAPTER 3
CONTROL OF INDUCTION MOTORS/GENERATORS

3.1

Classical Steady State Representation of an Induction Machine

The steady state model and equivalent circuit developed below are useful for studying the
performance of the machine in steady state. This implies that all electrical transients are neglected
during load changes and stator frequency variations. On the other hand, the dynamic model considers
the instantaneous effects of varying voltages/currents, stator frequency and torque disturbance [110].

3.1.1 Steady State Equivalent Circuit
The foregoing considerations of flux and MMF waves can readily be translated to a steady-state
equivalent circuit for a polyphase induction machine. In this derivation, only machines with symmetric
polyphase windings excited by balanced polyphase voltages are considered. As in many other
discussions of polyphase devices, it is helpful to think of three-phase machines as being Y-connected,
so that currents are always line values and voltages always line-to-neutral values. In this case, we can
derive the equivalent circuit for one phase, with the understanding that the voltages and currents in the
remaining phases can be found simply by an appropriate phase shift of those of the phase under study
(±120° in the case of a three-phase machine) [86].
First, consider conditions in the stator. The synchronously-rotating air-gap flux wave generates
balanced polyphase counter EMFs in the phases of the stator. The stator terminal voltage differs from
the counter EMF by the voltage drop in the stator leakage impedance Z1 = R1 + jX1 [86]. Thus:
V1 = E2 + I1∙(R1 + jX1)

(3.1)

where (all values are per phase):
V1 = Stator line-to-neutral (phase) terminal voltage (V)
E2 = Counter EMF (line-to-neutral) generated by the resultant air-gap flux (V)
I1 = Stator current (A)
R1 = Stator effective resistance (represent the stator resistive losses) (Ω)
X1 = Stator inductance (represent stator leakage reactance) = j∙2π∙fs∙Lls (Ω)
Z1 = Stator leakage impedance (Ω)
Xm = magnetizing inductance (represent leakage reactance produces the magnetic field flux) = j∙2π∙fs∙Lm (Ω)

The polarity of the voltages and currents are shown in the equivalent circuit of Figure 114. The
resultant air-gap flux is created by the combined MMF's of the stator and rotor currents. Just as in the
case of a transformer, the stator current can be resolved into two components: a load component,
which is transfer to the rotor to provide shaft torque, and an exciting (magnetizing) component which
provides the rotating magnetic field. The load component I2 produces an MMF that corresponds to the
MMF of the rotor current. The exciting component Iφ is the additional stator current required to create
the resultant air-gap flux and is a function of the EMF E2. The exciting current can be resolved into a
core-loss component Ic in phase with E2 and a magnetizing component Im lagging E2 by 90°. In the
equivalent circuit, the exciting current can be accounted for by means of a shunt branch, formed by a
core-loss resistance Rc (represent the core losses, bearing friction windage losses etc.) and a
magnetizing inductance Xm (represent the leakage reactance which produces the magnetic field flux)
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in parallel, connected across E2, as in Figure 115. Both Rc and Xm are usually determined at rated
stator frequency and for a value of E2 close to the expected operating value; they are then assumed to
remain constant for the small departures of E2 associated with normal operation of the motor [86].

Figure 115: Per-phase stator equivalent circuit of an AC induction motor in
steady state conditions (Source: A.E. Fitzgerald et al. [86])

The equivalent circuit representing stator phenomena is exactly like that used to represent the
primary of a transformer. To complete the above mentioned model, the effects of the rotor must be
incorporated. From the point of view of the stator equivalent circuit of Figure 115, the rotor can be
represented by an equivalent impedance Z2 corresponding to the leakage impedance of an equivalent
stationary secondary [86].
(3.2)

Z2 = E2/I2

To complete the equivalent circuit, we must determine Z2 by representing the stator and rotor
voltages and currents in terms of rotor quantities as referred to the stator. From the point of view of
the primary, the secondary winding of a transformer can be replaced by an equivalent secondary
winding having the same number of turns as the primary winding. In a transformer where the turns
ratio and the secondary parameters are known, this can be done by referring the secondary impedance
to the primary by multiplying it by the square of the primary-to-secondary turns ratio. The resultant
equivalent circuit is perfectly general from the point of view of primary quantities [86].
Similarly, in the case of a poly-phase induction motor, if the rotor were to be replaced by an
equivalent rotor with a poly-phase winding with the same number of phases and turns as the stator but
producing the same MMF and air gap flux as the actual rotor, the performance as seen from the
stator terminals would be unchanged [86].
This concept, which we will adopt here, is especially useful in modeling squirrel-cage rotors for
which the identity of the rotor "phase windings" is in no way obvious. The rotor of an induction
machine is short-circuited, and hence the impedance seen by induced voltage is simply the rotor short
circuit impedance. Consequently the relation between the slip-frequency leakage impedance Z2s of the
equivalent rotor and the slip-frequency leakage impedance Zrotor of the actual rotor must be [86]:
Z2s = E2s/I2s =

∙(Erotor/Irotor) =

∙Zrotor

(3.3)

where Neff is the effective turns ratio between the stator winding and that of the actual rotor
winding. Here the subscript 2s refers to quantities associated with the referred rotor. Thus E2s is the
voltage induced in the equivalent rotor by the resultant air-gap flux, and I2s is the corresponding
induced current [86].
When one is concerned with the actual rotor currents and voltages, the turns ratio Neff must be
known in order to convert back from equivalent-rotor quantities to those of the actual rotor. However,
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for the purposes of studying induction-motor performance as seen from the stator terminals, there is
no need for this conversion and a representation in terms of equivalent-rotor quantities is fully
adequate. Thus an equivalent circuit based upon equivalent-rotor quantities can be used to represent
both coil-wound and squirrel-cage rotors [86].
Having taken care of the effects of the stator-to-rotor turns ratio, we next must take into account
the relative motion between the stator and the rotor with the objective of replacing the actual rotor and
its slip-frequency voltages and currents with an equivalent stationary rotor with stator-frequency
voltages and currents. Consider first the slip-frequency leakage impedance of the referred rotor [86]:
Z2s = E2s/I2s = R2 + j∙s∙X2

(3.4)

where:
R2 = referred rotor resistance (represent the rotor resistive losses) (Ω)
Xr = s∙X2 = referred rotor inductance at slip frequency (represent the rotor leakage reactance) = s∙j∙2π∙fs∙Llr (Ω)
Χ2 = referred rotor leakage reactance at stator frequency fs (Ω)

Note that here X2 has been defined as the referred rotor leakage reactance at stator frequency fs.
Since the actual rotor frequency fr = s∙fs, it has been converted to the slip-frequency reactance simply
by multiplying by the slip s. The slip-frequency equivalent circuit of one phase of the referred rotor is
shown in Figure 116. This is the equivalent circuit of the rotor as seen in the slip-frequency rotor
reference frame [86].

Figure 116: Per-phase rotor equivalent circuit of an AC induction
motor in steady state conditions and at slip frequency
(Source: A.E. Fitzgerald et al. [86])

The final result, which is the per-phase equivalent circuit of an AC induction motor where the rotor
parameters have been referred to the rotor reference frame, are shown in Figure 117.

Figure 117: Per-phase equivalent circuit of an AC induction motor. The rotor parameters have
been referred to the rotor reference frame and for standstill is s=1 (Source: Author and [86])
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We next observe that the resultant air-gap MMF wave is produced by the combined effects of
the stator current I1 and the equivalent load current I2. Similarly, it can be expressed in terms of the
stator current and the equivalent rotor current I2s. These two currents are equal in magnitude since I2s
is defined as the current in an equivalent rotor with the same number of turns per phase as the stator.
Because the resultant air-gap MMF wave is determined by the phasor sum of the stator current and the
rotor current of either the actual or equivalent rotor, I2 and I2s must also be equal in phase (at their
respective electrical frequencies) and hence we can write [86]:
I2s = I2

(3.5)

Finally, consider that the resultant flux wave induces both the slip-frequency EMF induced in
the referred rotor E2s and the stator counter EMF E2. If it were not for the effect of speed, these
voltages would be equal in magnitude since the referred rotor winding has the same number of turns
per phase as the stator winding. However, because the relative speed of the flux wave with respect to
the rotor is s times its speed with respect to the stator, the relation between these EMFs is [86]:
E2s = s∙E2

(3.6)

We can furthermore argue that since the phase angle between each of these voltages and the
resultant flux wave is 90°, then these two voltages must also be equal in a phasor sense at their
respective electrical frequencies [86].
Division of Equation 3.6 by Equation 3.5 and use of Equation 3.4 then gives:
E2s/I2s = s∙E2/I2 = Z2s = R2 + j∙s∙X2

(3.7)

Division by the slip s then gives:
Z2 = E2/I2 = R2/s + j∙X2

(3.8)

We have achieved our objective. Z2 is the impedance of the equivalent stationary rotor which
appears across the load terminals of the stator equivalent circuit of Figure 115. The final result is
shown in the single-phase equivalent circuit of Figure 118. The combined effect of shaft load and
rotor resistance appears as a reflected resistance R2/s, a function of slip and therefore of the
mechanical load. The current in the reflected rotor impedance equals the load component I2 of stator
current; the voltage across this impedance equals the stator voltage E2. Note that when rotor currents
and voltages are reflected into the stator, their frequency is also changed to stator frequency. All rotor
electrical phenomena, when viewed from the stator, become stator-frequency phenomena, because the
stator winding simply sees MMF and flux waves traveling at synchronous speed [86].

Figure 118: Per-phase equivalent circuit of an AC induction motor. The rotor parameters
have been referred to the stator and for standstill is s=1 (Source: A.E. Fitzgerald et al. [86])
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3.1.2 Analysis of the Equivalent Circuit
The equivalent circuit of induction machine which is presented in Figure 118, also known as the
per-phase equivalent model, can be used to determine a wide variety of steady-state performance
characteristics of polyphase induction machines. These include variations of current, speed, and
losses as the load-torque requirements change, as well as the starting torque, and the maximum torque
[86].
The power balance in an induction machine or any machine can be expressed as follows [111]:
Pout = Pin - Plosses

(3.9)

while the power flow in an AC induction machine is shown in Figure 119.

Figure 119: Power flow in AC induction machine in motoring mode
(Source: Author)

The input power, Pin, can be given in the form of three balanced voltages and three balanced
currents (considering motoring mode), each one shifted by 120° and expressed in phase values as
follows [86]:
Pin = nph∙V1∙I1∙cosφ

(3.10)

where nph is the number of stator phases and cosφ is the power factor.
Like any other electric machine, an induction generator has inherent losses that can be combined
in the following expression [111]:
Plosses = Pstator + Pc + Protor + Pw + stray

(3.11)

The total rotor copper losses, Protor, can be calculated from the I2R loss in the equivalent rotor
circuit as [86]:
(3.12)

Since I2s = I2, we can write Equation. 3.12 as [86]:
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∙

(3.13)

Similar someone can calculate the total stator copper losses, Pstator, as shown below [111]:
∙

(3.14)

The iron losses are due to the hysteresis current (magnetizing) and Foucault current (current
induced in the iron). It should be said at this point that the stator and rotor iron losses usually appear
mixed, although in the latter they are much smaller and more difficult to distinguish. So the iron loss
resistance, Rm, in the equivalent circuit of the induction generator practically represents these losses
with the other mechanical losses. So they may be given as follows [111]:
∙

(3.15)

The equivalent circuit shows that the total power transferred across the air gap, Pgap, from the stator is
[86]:
∙

∙

(3.16)

The electromagnetic power, Pmech, developed by the motor can now be determined by
subtracting the rotor power dissipation of Equation 3.13 from the air-gap power of Equation 3.16 [86].
∙

2
2

2
2 2

∙

∙

2

∙

2
2

∙

2

(3.17)

or equivalently
∙

(3.18)

Comparing Equation 3.16 with Equation 3.18 gives:
1

∙

(3.19)

and
∙

(3.20)

with the rotor efficiency (considering motoring mode) given as follow [112]:
1

(3.21)

We see then that, of the total power delivered across the air gap to the rotor, the fraction 1 - s is
converted to mechanical power and the fraction s is dissipated as I2R loss in the rotor conductors.
From this it is evident that an induction motor operating at high slip is an inefficient device. When
power aspects are to be emphasized, the equivalent circuit can be redrawn in the manner of
Figure 120 [86]. The electromechanical power per stator phase is equal to the power delivered to the
resistance R2∙(1 - s)/s.
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Figure 120: The complete per-phase equivalent circuit of an AC induction motor with effective rotor
resistance (R2/s) split into R2 and R2(1-s)/s. The power dissipated in R2 represents the rotor copper
loss per phase, while the power in the shaded resistance R2(1-s)/s corresponds to the mechanical
output power per phase, when the slip is s (Source: Author and [86])

The electromechanical torque Te corresponding to the power Pmech can be obtained by recalling
that mechanical power equals torque times angular velocity [86]. Thus:
Pmech = Te ∙ ωm = Te ∙ (2/P) ∙ ωr = Te ∙ (2/P) ∙ (1-s)∙ωs

(3.22)

For Pmech in Watts and ωs in rad/sec, Te will be in N∙m. Use of Equations 3.18 and 3.19 leads to:
∙

∙

∙

(3.23)

with the synchronous mechanical angular velocity ωs being given by:
/

∙ ∙

(Equation 2.12.1)

The mechanical torque, Te, and power, Pmech, are not the output values available at the shaft
because friction, windage, and stray-load losses remain to be accounted for. It is obviously correct to
subtract friction, windage, and other rotational losses from Te or Pmech and it is generally assumed that
stray load effects can be subtracted in the same manner. The remainder is available as output power
from the shaft for useful work [86]. Thus:
Pshaft = Pmech - Pw + stray

(3.23)

and
Tshaft = Pshaft / ωm = Te - Tw + stray

(3.24)

where Pw+stray and Tw+stray are the power and torque associated with the friction, windages, and
remaining rotational losses respectively [86].
Analysis of the transformer equivalent circuit is often simplified by either neglecting the
magnetizing branch entirely or adopting the approximation of moving it out directly to the primary
terminals. Such approximations are not used in the case of induction machines under normal running
conditions because the presence of the air gap results in relatively lower magnetizing impedance and
correspondingly a relatively higher exciting current 30 to 50 percent of full-load current and because
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the leakage reactances are also higher. Some simplification of the induction-machine equivalent
circuit results if the core-loss resistance Rc is omitted and the associated core-loss effect is deducted
from Te or Pmech at the same time that rotational losses and stray load effects are subtracted. The
equivalent circuit then becomes that of Figure 121 (left or right), and the error introduced is often
relatively insignificant. Such a procedure also has an advantage during motor testing, for then the noload core loss need not be separated from friction and windage [86].

Figure 121: IEEE recommended per-phase equivalent circuit of an AC induction motor. The iron loss
resistance Rc is neglected corresponding to (left) Figure 118 and (right) Figure 120
(Source: A.E. Fitzgerald et al. [86])

Finally, to estimate the motor total efficiency, we use [111]:
(3.25)

3.1.3 Torque and Power by Use of Thevenin’s Theorem
When torque and power relations are to be emphasized, considerable simplification are resulted
from application of Thevenin's network theorem to the induction-motor equivalent circuit. In its
general form, Thevenin's theorem permits the replacement of any network of linear circuit elements
and complex voltage sources, such as viewed from two terminals “a” and “b” (Figure 122-left), by a
single complex voltage source Vth in series with a single impedance Zth (Fig. 122-right). The
Thevenin-equivalent voltage Vth is that appearing across terminals “a” and “b” of the original network
when these terminals are open-circuited; the Thevenin-equivalent impedance Zth is that viewed from
the same terminals when all voltage sources within the network are set equal to zero [86].
For application to the induction-motor equivalent circuit, points “a” and “b” are taken as those
so designated in Figure 122 left and right. The equivalent circuit then assumes the forms given in
Figure 123 where Thevenin's theorem has been used to transform the network to the left of points a
and b into an equivalent voltage source V1th in series with an equivalent impedance Z1th = R1th + jX1th
[86].

Figure 122: General linear network and (left) and its
equivalent at terminals “ab” by Thevenin's theorem.
(Source: A.E. Fitzgerald et al. [86])
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Figure 123: IEEE recommended per-phase equivalent circuit of an AC induction motor simplified
by Thevenin’s theorem corresponding to Figure 120 (Source: A.E. Fitzgerald et al. [86])

According to Thevenin's theorem, the equivalent source voltage V1th is the voltage that would
appear across terminals “a” and “b” of Figure 120 with the rotor circuits removed. The result is a
simple voltage divider and thus [86]:
∙

(3.26)

with a magnitude of (ratio of magnitudes):

∙

(3.27)

For most induction motors, negligible error results from neglecting the stator resistance in
Equation 3.26. The Thevenin equivalent stator impedance Z1th is the impedance between terminals “a”
and “b” of Figure 121 viewed toward the source with the source voltage set equal to zero (or
equivalently replaced by a short circuit) and therefore is [86]:
(3.28)

or
∙

(3.29)

thus:
(3.30)
(3.31)

Note that the iron-loss resistance Rc has been neglected in the derivation of Equations 3.26
through 3.29. Although this is a very commonly used approximation, its effect can be readily
incorporated in the derivations presented here by replacing the magnetizing reactance j∙Xm by the
magnetizing impedance Zm, equal to the parallel combination of the iron-loss resistance Rc and the
magnetizing reactance j∙Xm [86]. From the Thevenin-equivalent circuit, as shown in Figure 123, [86]:
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3.32

with a magnitude of (ratio of magnitudes):
3.33

and thus from the torque expression (Equation 3.23):

2
∙

2

∙

∙

∙

⇔

1

∙

3.34

where ωs is the synchronous angular velocity as given by Equation 2.12.1. The general shape of
the torque-speed or torque-slip curve with the motor connected to a constant-voltage, constantfrequency source has already shown in Figures 56 and 57 (motoring mode).
An expression for the maximum electromechanical torque, or breakdown torque, Te(max),
indicated in Figure 58, can be obtained readily from circuit considerations. As can be seen from
Equation 3.23, the electromechanical torque is a maximum when the power delivered to R2/s in
Figure 123 (left) is a maximum [86]. However, a mathematical approach is always a standard way of
proof.
For maximum torque, Te(max) [112]:
dTe / ds = 0

(3.35)

from which the slip at maximum torque will be [112]:

2
1

2

2

3.36

and the corresponding torque is, from Equation 3.34:
∙

∙

2

0.5

3.37

Moreover, at the starting torque or locked rotor torque, Te(st), the slip is equal of 1:
s=1

(3.38)

and the corresponding torque is, from Equation 3.34:
∙

2

∙

3.39
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If the stator resistance is small, so R1th may be neglected and thus [112]:
≃

(3.40)

and
≃

∙

2

0.5

3.41

and
∙

2

∙

1

3.42

Therefore, the ratio between the maximum torque and the torque developed at any speed is given by
[112]:
2∙

∙

3.43

3.1.4 Equivalent Circuit under Variable-Frequency Conditions
More and more induction motors now operate from variable-frequency inverters, the frequency
(and voltage) being varied not only to control steady-state speed, but also to profile torque during
acceleration and deceleration. Two questions that we might therefore ask are (a) does the equivalent
circuit remains valid for other than the “rated” Hz operation; and (b) if so, do the approximations
that have been developed remain useful? [84].
The answer to question (a) is that the form of the equivalent circuit is independent of the supply
frequency. This is to be expected because we are simply representing in circuit form the linking of the
electric and magnetic circuits that together constitute the motor, and these physical properties do not
depend on the excitation frequency [84].
The answer to the question of the validity of approximations is less straightforward, but broadly
speaking all that has so far been said is applicable except at low frequencies, say below about 10 Hz
for 50 or 60 Hz motors (as the frequency approaches zero, the volt-drop due to stator resistance
becomes important) [84].

3.2

Speed and Torque Control of Induction Motors/Generators

In this section various methods for the control of induction machines are presented. We will
present scalar control techniques with conventional methods or using variable frequency drives as
well as vector control techniques using variable frequency drives also.
The scalar control methods are limited to steady-state operation. The steady-state picture is
quite adequate for a wide variety of induction machine applications. However, it should be mentioned
that system dynamics can play a critical role in some applications, with concerns ranging from speed
of response to overall system stability. For this reason, vector control techniques were developed for
dynamic control of the system in transient state operation as well.
Finally, intelligent methods represent recent research trends of induction motor control and the
sensorless method are mentioned nominally.
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3.2.1 Scalar Control
Scalar control of induction motors and generators means control of only the magnitude and/or
frequency of their voltage or current to achieve suitable torque and speed with an impressed slip.
Scalar control can be easily understood based on the fundamental principles of induction-machine
steady-state modeling. Scalar control disregards the coupling effect on the motor/generator; that is,
the voltage will be set to control the flux and the frequency in order to control the torque. However,
flux and torque are functions of frequency and voltage, respectively. Scalar control is different from
vector control in which both magnitude and phase alignment of the vector variables are directly
controlled. Scalar control drives give an inferior performance, but they are not difficult to implement
and are very popular in machine drives for pumping, several industrial applications, and large
megawatt systems [111].
The main constraint on the use of a scalar control method for induction motors and generators
is related to the transient response. If shaft torque and speed are bandwidth-limited and torque varies
slowly (within hundreds of milliseconds up to the order of almost a second), scalar control may be a
good control approach. Ocean current power and wind power applications have slower mechanical
dynamics for the scalar control method. Therefore, it seems that scalar control is a good control
approach for renewable energy applications [111].

3.2.1.1 CATEGORY I - Conventional Methods
Conventional methods are methods where the variable frequency drives are not used. The speed
control is achieved either by changing the operating slip or by changing the synchronous speed of
the machine [86, 113].
Modified Operating Slip
Changing the operating slip is a major category that involves changing the torque-speed
characteristic curve by modifying the rotor resistance or the supply voltage while the system
frequency remains constant. Thus, by altering the Torque-Speed characteristic curve in combination
with the Load curve results to an operation point with a different slip [86, 113]. Using Equations
2.12.2 and 2.14, it can be written:
ωr = 120∙ (fs/P)∙ (1-s)

(3.44)

a) Change of Rotor Resistance while frequency is constant (Wound-rotor type only)
The speed of a wound rotor induction machine can be controlled by connecting external
resistance in the rotor circuit through the slip rings by adding a three-phase resistance bank. The
main drawback of this method is that efficiency is reduced at lower speeds due to additional losses in
resistors connected in the rotor circuit. In practice, this method is used for applications with short
periods of lower-speed operation (such as cranes) where they need a large starting torque and large
pull-out torque at small values of slip [86, 113].
The internal torque developed by an induction machine is dependent to the rotor resistance R2 as
shown by the Equation 3.34 in which for a specific design all the variables are constant except for the
slip s and the resistance R2. So from Equation 3.34:
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(3.45)

Notice from Equations 3.36 and 3.37 that the slip at maximum torque is directly proportional to
the rotor resistance R2 but the value of the maximum torque is independent of R2. Thus, when R2 is
increased by inserting external resistance in the rotor of a wound rotor motor, the maximum
electromechanical torque is unaffected but the speed/slip at which it occurs can be directly controlled.
This result can also be seen by observing that the electromechanical torque expression of Equation
6.33 is a function of the ratio R2/s. Thus, the torque is unchanged as long as the ratio R2/s remains
constant. The torque-speed characteristic curves for three external resistances are shown in
Figure 124. Note that at s=0, Te = 0 so that all Torque-Speed characteristic curves end at the
synchronous speed.

Figure 124: Induction-motor torque-slip curves showing effect of changing
rotor-circuit resistance (Source: A. E. Fitzgerald et al. [86])

b) Change of Supply Voltage while frequency is constant
The supply voltage V1 can be varying by using a three-phase auto-transformer. Moreover, the
internal torque developed by an induction machine is proportional to the square of the voltage applied
to its primary terminals, as shown by the Equation 3.34 in which for a specific design all the variables
are constant except for the slip s and the voltage V1th [86]. So, from Equation 3.34:
∙

3.46

Therefore, the electromagnetic torque, Te, is very sensitive to changes in value of the supply
voltage. As the supply voltage is decreased, the value of maximum torque also decreases (Equation
3.37) as well as the starting torque (Equation 3.39). For example a drop of 10% in supply voltage will
decrease the starting torque by about 20%. However, the maximum torque still occurs at the same slip
as in the beginning (Equation 3.36) as shown in Figure 125 [112].
This method makes the induction machine highly underutilized because large change in supply
voltage will result in large change in flux density and thus altering the magnetic condition of the
machine. For this reason, it has very limited applications and it is generally used for small squirrelcage motors where cost is an important criterion and efficiency is not (for example a fan). Moreover,
this method has rather limited range of speed control because a large change in supply voltage is
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required for relatively small change in speed [86]. Note that the NEMA class D motor will allow speed
variation over a wider speed range as clearly shown in Figure 125 [112].

Figure 125: Torque-Speed characteristic curve for different values of supply voltage
V1 for a NEMA Class A (left) and NEMA Class D (right) (Source: Author and [112])

Modified Synchronous Speed
The speed of the rotating magnetic field created by the stator is called synchronous speed as
already mentioned in Chapter 2. The synchronous speed has already been given by Equation 2.12.2 as
shown again below:
(Equation 2.12.2)

So by changing the supply/system frequency, fs, or the number of poles, P, the synchronous
speed is changing also [86, 113].

a) Change of Stator Poles number (Squirrel cage type only)
The number of stator poles can be changed by i) multiple stator windings, ii) method of
consequent poles and iii) pole-amplitude modulation or PAM [113]. The above methods are suitable
for squirrel cage machines only because the squirrel cage rotor automatically develops number of
poles equal to the poles of stator winding [86]. All of the above methods are rarely used anymore
with the only exception when it is absolutely necessary and in specific applications. In Figure 126,
there are two different cases, one for the same torque and one for the same power, while the number
of stator poles is changed by the method of multiple stator windings [112].

Figure 126: Pole changing Torque-Speed curves for constant torque (left)
and constant power (right) (Source: I. Boldea and S.A. Nasar [112])
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b) Change of Supply Frequency while voltage is constant
This method is not widely used. It is used where, the induction motor is supplied by a generator
so that the supply frequency can be easily change by changing the speed of the prime mover or using
cycloconverters without phase control [114].
The disadvantage of this method, when you use it in occasions such as with cycloconverters, is
directly connected with the magnetic capacity of the machine’s magnetic (iron) circuit which is
designed to the ratio Voltage/Frequency. Thus, if the frequency drops, the V/f ratio increases. This
means that the motor needs a larger magnetic circuit otherwise it can be overloaded. This is called
saturation and it leads to a rapid increase in current draw and a corresponding large increase in
temperature. On the other hand, if the frequency increases, the V/f drops with no issued since the
magnetic circuit will remain large enough but the machine may have a worse power factor [115].

3.2.1.2 CATEGORY II - Methods using Power Electronics
Methods using power electronics and usually variable frequency drives, which are types of
adjustable-speed drive used in electro-mechanical drives systems to control AC motor speed and
torque by varying the motor input frequency and voltage, are very common nowadays . However,
the importance of scalar control through VFDs has diminished recently because of the superior
performance of the vector-controlled drives and the introduction of high-performance inverters [111].
The speed control is achieved by changing the operating slip or by changing the synchronous
speed of the machine or a combination of them.
a) Change of Rotor Resistance while frequency is constant (Wound-rotor type only)
It is the same method as above (Scalar Control/Conventional Methods/Modifying Operation
Slip/a)) but using a three-phase diode bridge and a single variable resistor. Thus the effective value
of the external resistance can be changed by varying the on-time (also called the duty ratio) [116].
b) Change of Supply Voltage while Frequency is constant
It is the same method as above (Scalar Control/Conventional Methods/Modifying Operation
Slip/b)) but using a solid-state voltage controller such as transistors or thyristors. The solid-state
controller application is commonly used with small squirrel-cage motors driving fan loads. In large
power applications an input filter is required; otherwise, large harmonic currents will flow in the
supply line [116].
c) Slip-energy Recovery System while frequency is constant (Wound-rotor type only)
Instead of wasting rotor circuit power in an external resistance, it can be converted and returned
to the mains supply though a VFD. Frequency conversion is necessary because the rotor circuit
operates at slip frequency, so it cannot be connected directly to the mains [84].
This slip power can be recovered by introducing a variable EMF source in the rotor of the
induction motor and absorbing the slip power into it. By linking the EMF source to ac supply lines
through a suitable power converter, the slip energy is sent back to the ac supply. This is illustrated in
Figure 127 [110]. By varying the magnitude of the EMF source in the rotor, the rotor current, torque,
and slip are controlled. The rotor current is controlled and hence the rotor copper losses, and a
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significant portion of the power that would have been dissipated in the rotor is absorbed by the EMF
source, thereby improving the efficiency of the motor drive [109].

Figure 127: Per-phase equivalent circuit of an AC induction motor with an external
induced EMF source in the rotor. The rotor parameters have been referred to the
stator and for standstill is s=1 (Source: R. Krishnan [110])

More specifically, in a slip energy recovery system, the slip frequency from the rotor is first
rectified in a 3-phase diode bridge and smoothed before being returned to the mains supply via a 3phase thyristor bridge converter operating in the inverting mode. A transformer is usually required to
match the output from the controlled bridge to the mains voltage [84].
Since the cost of both converters depends on the slip power they have to handle, this system (which is
known as the static Kramer drive) is most often used where only a modest range of speeds (say from
80% of synchronous and above) is required, such as in large pump and compressor drives. Speed
control is obtained by varying the firing angle of the controlled converter, the torque–speed curves for
each firing angle being fairly steep (i.e. approximating to constant speed), thereby making closed-loop
speed control relatively simple [84].
d) Constant V/f ratio
There are basically two different ways how to change the V/f ratio. The direct way is through
cycloconverters (AC-to-AC conversion) with phase control and the indirect way through a voltage
source or current source inverter (AC-to-DC-to-AC conversion) [110].
The cycloconverters are thyristors (Silicon Control Rectifier-SCR type) with phase control switching
and provide an adjustable-voltage, adjustable-frequency power supply. They are capable for small
range of frequency variation and for this reason are suitable for low-speed, large-power applications
such as ball mills and cement kilns. For a majority of applications a wide range of frequency variation
is desirable. In that case indirect frequency conversion methods are appropriate.
The indirect frequency changer consists of a rectification (AC to DC) and an inversion (DC to
AC) power conversion stage. They are broadly classified depending on the source feeding them:
voltage or current sources. In both these sources the magnitude should be adjustable. The output
frequency becomes independent of the input supply frequency, by means of the DC link [110].
For a given induction motor, the torque developed depends on the magnitude of the rotating ﬂux
density wave, and on the slip speed of the rotor (the relative velocity of the rotor with respect to the
ﬂux wave). Secondly, the strength or amplitude of the ﬂux wave depends directly on the supply
voltage to the stator windings, and inversely on the supply frequency. Thirdly, the absolute speed of
the ﬂux wave depends directly on the supply frequency. The slip for a given torque depends on the
amplitude of the rotating ﬂux wave: the higher the ﬂux, the smaller the slip needed for a given torque.
It follows that having set the desired speed of rotation of the ﬂux wave by controlling the output
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frequency of the inverter or cycloconverter, we must also ensure that the magnitude of the flux is
adjusted so that it is at its full (rated) value regardless of the speed of rotation. This is achieved, in
principle, by making the output voltage from the inverter vary in the appropriate way in relation to the
frequency. Given that the amplitude of the flux wave is proportional to the supply voltage and
inversely proportional to the frequency, it follows that if we arrange that the voltage supplied by the
inverter/cycloconverter varies in direct proportion to the frequency, the flux wave will have a
constant amplitude and thus the air-gap flux maintain approximately constant so that avoid
saturation. This simple mode of operation – where the V/f ratio is constant – was for many years the
basis of the control strategy applied to most inverter-fed induction motors, and it can still be found in
some commercial products [84].
To get a first-order picture of how an induction machine works at adjustable speed, consider the
equivalent circuit shown in Figure 118. If the stator resistance is small, so R1 may be neglected and
thus:
∙

3.47
3.48
3.49

and the corresponding torque is, from Equation 3.34:
∙

2

1

∙

3.50

Assume that the applied voltage is proportional to the frequency and the subscript (b) represents
rated-frequency values of each of the induction machine parameters [86]. So:
∙

3.51

∙

3.52

and thus:

and
∙

3.53

3.54

where Δω = ωs ‐ ωr .
Substitution of Equations 3.51÷3.54 into Equation 3.50 gives:

∙

2

∙

3.55
∙
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Equation 3.55 shows the general trend in which the frequency dependence of the torque-speed
characteristic of an induction motor appears only in the term R2/Δω. Thus, under the assumption that
R1 is negligible, as the electrical supply frequency to an induction machine is changed, the shape of
the speed-torque curve as a function of Δω=ωs - ωr will remain unchanged. As a result, the torquespeed characteristic will simply shift along the speed axis as ωr is varied [86]. A set of such curves is
shown in Figure 128 [110]. It is obvious that by varying the voltage and frequency by the same ratio,
flux and hence, the pull-out torque can be kept constant throughout the speed range. Note that as the
electrical frequency (and hence the synchronous speed) is decreased, a given value of Δω corresponds
to a larger slip. Thus, for example, if the peak torque of a 4-pole motor driven at 60 Hz occurs at 1638
rpm, corresponding to a slip of 9%, when driven at 30 Hz, the peak torque will occur at 738 rpm,
corresponding to a slip of 18% [86].

Figure 128: Typical torque-speed curves (normalized in 2 quadrants) for constant
V/f ratio of an induction machine assuming R1 is zero (Source: R. Krishnan [110])

In practice, the effects of R1 may not be fully negligible, especially for large values of slip. If this
is the case, the shape of the speed-torque curves will vary somewhat with the applied electrical
frequency [86]. Figure 129 shows a typical family of curves for this case [86].
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Figure 129: Typical torque-speed curves for constant V/f ratio of a 4-pole induction
machine assuming R1 is not zero (Source: A. E. Fitzgerald et al. [86])

From Figure 129, it can be noted that the pull-out torque and the torque stiffness (i.e. the slope
of the torque–speed curve in the normal operating region) is more or less the same at all points below
base speed, except at low frequencies where the voltage drop over the stator resistance R1, becomes
very signiﬁcant as the applied voltage is reduced. A simple V/f control system would therefore suffer
from signiﬁcantly reduced ﬂux and hence less torque at low speed [84].
The low-frequency performance can be improved by increasing the V/f ratio at low frequencies
in order to restore full ﬂux, a technique which is referred to as ‘voltage boost’. In modern drive
control schemes with vector control the voltage is automatically boosted from the linear V/f
characteristic that the approximate theory leads us to expect. A typical set of torque–speed curves for
a drive with the improved low-speed torque characteristics obtained with voltage boost is shown in
Figure 130 [84].

Figure 130: Typical torque-speed curves for an induction machine with constant
flux up to 45Hz (rated speed) and constant voltage at higher frequencies
(Source: A. Hughes and B. Drury [84])
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The characteristics in Figure 130 have an obvious appeal because they indicate that the motor is
capable of producing practically the same maximum torque at all speeds from zero up to the rated
(45 Hz) speed. This region of the characteristics is known as the ‘constant torque’ region, which
means that for frequencies up to rated speed, the maximum possible torque which the motor can
deliver is independent of the set speed. Beyond the base frequency, the ﬂux (“V/f ratio”) reduces
because V remains constant. The amplitude of the ﬂux wave therefore reduces inversely with the
frequency. Under constant ﬂux operation, the maximum torque always occurs at the same absolute
value of slip, but in the constant-voltage region the peak torque reduces inversely with the square of
the frequency and the torque–speed curve becomes less steep, as shown in Figure 130 [84].
A primary concern in this method is to limit the currents to a safe value as far as the main
switching devices and the machine are concerned. The current limit will be typically set to the rated
current of the motor, and the inverter control circuits will be arranged so that no matter what the user
does the output current cannot exceed this safe (thermal) value, other than for clearly deﬁned overload
(e.g. 120% for 60 seconds) for which the motor and inverter will have been speciﬁed and rated. (For
some applications involving a large number of starts and stops, the motor and drive may be specially
designed for the speciﬁc duty.) [84]
In modern control schemes (such as vector control) it is possible to have independent control of
the ﬂux- and torque-producing components of the current, and in this way the current limit imposes an
upper limit on the permissible torque. In the region below rated speed, this will normally correspond
to the rated torque of the motor, which is typically about half the pull-out torque, as indicated by the
shaded region in Figure 131. Note that this is usually a thermal limit imposed by the motor design.
Above rated speed, it is not possible to increase the voltage and so the ﬂux reduces inversely with the
frequency. Since the stator (and therefore rotor) currents are again thermally limited (as we saw in the
constant torque region), the maximum permissible torque also reduces inversely with the speed, as
shown in Figure 130. This region is consequently known as the ‘constant power’ region. The
voltage drop over the stator leakage inductance increases with frequency. At typically twice base
speed the extent of this voltage drop reduces the available voltage to such an extent that it is no longer
possible for the motor to provide constant power operation, as indicated by the cross-hatched area in
Figure 131 [84].

Figure 131: Typical torque-speed curves for an induction machine under
V/f control in Constant Torque, Constant Power and in High-Speed
motoring regions (Source: A. Hughes and B. Drury [84])

91

Finally, a four quadrant capability of an induction machine under V/f control in different regions
is shown in Figure 132 [84].

Figure 132: Operating regions in all four quadrants of the torque–speed
plane of an induction machine under V/f control
(Source: A. Hughes and B. Drury [84])

e) Alternative ways of V/f ratio control
There are some different control strategies about how can you implement the control of V/f ratio
[110]. The basics of each strategy depend on how you express the steady state equation for
electromagnetic torque. More specifically, in order to explore the possibilities for each strategy it is
necessary to express the electromagnetic torque in terms of different variables (for example in terms
of stator currents or in terms of fluxes).
In these strategies, the V/f ratio is constant not via the directly control of voltage or frequency but
through other control variables such as stator current and air-gap flux [110]. However, the topology
of the variable frequency drives is the same as above through the AC-DC-AC conversion. The name
of the two alternative strategies is shown below [110]:
-

Constant Slip-Speed control (also known as Constant Slip and Current control)
Constant Air-Gap Flux control

It is important to note that in constant slip-speed control strategy, an independent torque control
is realized by the current amplitude control. Moreover, keeping a constant slip level, a torque control
is occurred by voltage or current amplitude, [117] as it is obvious from Equation 3.34.
Based on the market evidence up to present, the above control strategies of V/f ratio are not in such a
general use as the direct control of V/f ratio [118].

3.2.2 Vector Control
The various scalar control methods for the control of induction machine have provided good
steady state results but poor dynamic response. From the traces of the dynamic responses, the cause
of such poor dynamic response is found to be that the air gap flux linkages deviate from their set
values. The deviation is not only in magnitude but also in phase. The variations in the flux linkages
have to be controlled by the magnitude and the frequency of the stator and rotor phase currents
and their instantaneous phases. The scalar control methods have utilized the stator phase current
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magnitude and frequency and not their phases. This resulted in the deviation of the phase and
magnitudes of the air-gap flux linkages from their set values [110].
The oscillations in the air gap flux linkages result in oscillation in electromagnetic torque and
reflect as speed oscillations. This is undesirable in many high-performance applications such as
robotic actuators etc. Further, air gap flux variations result is large excursions of stator currents
requiring large peak VFDs ratings to meet the dynamics and thus increase of the VFDs cost [110].
Vector control provides the solution to the poor dynamic response of various scalar control
methods. It is the foundation of modern high-performance drives and also known as decoupling,
orthogonal, or transvector control. In vector control both magnitude and phase (angle) alignment of
the vector variables is directly controlled [111].

3.2.2.1 CATEGORY I – Fully Commercialized
All the vector control methods are using power electronics and especially variable frequency
drives. In a general view, there are two categories of it which is the indirect torque control or
field/flux oriented control (ITC or FOC) and direct torque control (DTC) [118]. As the names imply,
the major difference is in the way you control the electromagnetic torque (direct or indirect) and it is
not related with the speed control.
a) Indirect Torque Control or Field/Flux Oriented Control (FOC)
The principles of indirect torque control originated in West Germany in the work of Hasse and
Blaschke at the technical universities of Darmstadt and Braunschweig and in the laboratories of
Siemens AG respectively [111].
In the indirect torque control method, the phase (angle), frequency and magnitude control of the
stator currents and hence of the flux phasor is occurred by inverter control. The control is achieved in
field coordinates (hence the name of this control strategy – field/flux oriented control) and related to
the phasor control of the flux linkages [110]. There are a number of permutations of this
control—stator flux oriented, rotor flux oriented, and air-gap (magnetizing) flux oriented, and of
these types there are direct (by Blaschke [119]) and indirect (by Hasse [120]) methods of
implementation [109, 110, 111, 112, 118, 121, 122].
The direct or indirect method based on how the instantaneous position of the machine flux
(feedback signal –rotor, stator or magnetizing flux angle) can be finding. On the other hand, the type
of the flux oriented control is associated with which one the instantaneous magnitude and position
flux vector is calculated (stator, rotor or magnetizing) by imposing alignment of the machine stator
current vector to obtain decoupled control [111].
b) Direct Torque Control (DTC)
There are some alternatives for the classical vector control - field/flux oriented control (FOC).
These new strategies for the torque control of induction motor was presented by I. Takahashi and T.
Noguchi as Direct Torque Control (DTC), [123], and by M. Depenbrock as Direct Self Control
(DSC), [124, 125, 126]. The only difference between DTC and DSC is the shape of the path along
which the flux vector is controlled, the former path being quasi-circular whereas the latter is
hexagonal such that the switching frequency of DTC is higher than DSC. DTC is accordingly aimed
at low-to-mid power drives whereas DSC is usually used for higher power drives [127].
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The direct torque control (DTC/DSC), which ABB developed the first commercial product, is
set to replace traditional PWM inverters of the open- and closed-loop type in the near future. Direct
torque control describes the way in which the control of torque and speed are directly based on the
electromagnetic state of the motor, similar to a DC motor, but contrary to the way in which traditional
PWM drives use input frequency and voltage. DTC is the first technology to control the “real” motor
control variables of torque and flux [128].
More specifically, it is based on the theory developed by German doctor Blaschke and his
colleague Depenbrock where two different loops, corresponding to the magnitudes of the stator flux
and torque, directly control the switching of the converter. The main advantage is because torque
and flux are motor parameters that are being directly controlled; there is no need for a modulator, as
used in PWM converters, to control the frequency and voltage. This, in effect, cuts out the middle
man and dramatically speeds up the response of the drive to changes in required torque. DTC also
provides precise torque control without the need for a feedback device [128]. Although DTC boasts a
lot of successful applications in drives, its use for induction generators is not yet fully prove.
Another strategy of DTC is the Space Vector Modulation (DTC-SVM) schemes which are proposed
in order to improve the classical DTC. The DTC-SVM strategies operate at a constant switching
frequency. In the control structures, space vector modulation (SVM) algorithm is used. The type of
DTC-SVM strategy depends on the applied flux and torque control algorithm. Basically, the
controllers calculate the required stator voltage vector and then it is realized by space vector
modulation technique [129].

3.2.2.2 CATEGORY II – Not Fully Commercialized
Some types of vector control methods have not found their way to practical adjustable speed
drives. However, they represent research trends of induction machine control for almost two decades
[130].
The first method, known as Feedback Linearization Control (FLC), introduces a new nonlinear
transformation of the IM state variables, so that in the new coordinates, the speed and rotor flux
amplitude are decoupled by feedback [131, 132].
The second method which based on the variation theory and energy shaping, is called Passivity Based
Control (PBC). In this case the induction motor is described in terms of the Euler-Lagrange equations
expressed in generalized coordinates [133].

3.2.3 Sensorless Control
There is intensive research worldwide devoted to sensorless methods (using mainly vector
control techniques). Motor drives without a speed or position sensor have received much research
attention in recent years, especially for induction machines [118]. Such techniques typically measure
stator quantities, usually current, directly via existing transducers normally present in the inverter
and voltage, although not often with a direct measurement. Despite much effort and progress,
operation at very low speed is still problematic. This is mainly because a standard set of tests or
benchmarks has not been agreed [118].

3.2.4 Intelligent Control
Despite the great efforts devoted to induction motor control, many of the theoretical results
cannot be directly applied to practical systems. The difficulties that arise in induction motor control
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are complex computations, model nonlinearity, and uncertainties in machine parameters. Recently,
intelligent techniques are introduced in order to overcome these difficulties. Intelligent control
methodology uses human motivated techniques and procedures (for example, forms of knowledge
representation or decision making) for system control. Intelligence is defined as the ability to
comprehend, reason, and learn. The definition of intelligent control from Astrom and McAvoy has
been used widely [118, 134]:
“An intelligent control system has the ability to comprehend, reason, and learn about
processes, disturbances and operating conditions in order to optimize the performance of the process
under consideration”.
Intelligent control techniques are generally classified as [118]:
1)
2)
3)
4)

Expert System
Fuzzy-Logic
Neural-Network
Genetic Algorithm

Intelligent induction motor control thus refers to the control of an induction motor drive using
the above artificial intelligence techniques. The applications of expert system, fuzzy-logic, neuralnetwork, and genetic algorithm in induction motor drive system have been proposed in the literature
[118]. All the above mentioned intelligent-based algorithm, represent recent research trends of
induction motor control, required further investigation and development and they have found in very
few practical applications (only with fuzzy-logic technique) [118].

3.3

Voltage Source Inverter (VSI) with Pulse Width Modulation (PWM) Technique
(AC-DC-AC)

Understanding the basic principles behind VSI operation requires understanding the three basic
sections of the VFD: the rectifier, DC bus, and inverter, [135], as you can see in Figure 133 [84].
Rectifier: One of the three primary sections of VSI’s main power circuit and first in terms of power
flow. Its function is to change 3-phase AC into DC. The 3-phase AC voltage from an electric energy
source goes into the rectifier section which is consist of a group of diodes, silicon controlled rectifiers
(SCR) or insulated gate bipolar transistors (IGBTs) connected in a full wave bridge configuration. For
example if 240 Vph(RMS) is coming in, 324 VDC is generated.
Intermediate Circuit (DC Link/DC Bus): The second primary sections of VSI’s main power circuit.
Using a large bank of capacitors and DC reactors the rippling DC voltage becomes more stable.
Inverter: The third and final primary sections of VSI’s main power circuit. The Inverter consist of
IGBTs which take the voltage from the DC Bus and using Pulse Width Modulation (PWM) technique,
send a signal which appears to the induction machine as an AC signal.
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Sinusoidal Pulse Width Modulation (SPWM): A VSI control scheme in which a constant DC
voltage is used to reconstruct a pseudo AC voltage waveform using a set of six power switches,
usually IGBTs (for thre-phase), varying the width of the fixed-amplitude pulses controls effective
voltage. This pulse width modulation scheme works because the induction machine is a large inductor
that does not allow current to pulse like the voltage. Sinusoidal pulse width modulation (SPWM) is
widely used in power electronics to digitize the power so that a sequence of voltage pulses can be
generated by the on and off of the power switches. The PWM inverter has been the main choice in
power electronic for decades, because of its circuit simplicity and rugged control scheme [136].
Sinusoidal Pulse Width Modulation switching technique is commonly used in industrial applications
or solar electric vehicle applications [137].
Harmonic Attenuation by a filter: The last and very important section of VSI. The AC output
voltage waveform of the inverter composed of discrete values and thus the filter after the inverter
should be inductive at the harmonic frequencies in order to produce a smooth current waveform [138].
Harmonic attenuation can be achieved by passive filters. There are different types of filtering circuits
such as RC & LC filters which are the most used passive filters (R: resistor, C: capacitor and
L: inductor). They are divided into 1st order, 2nd order & 3rd order according to the combination of the
passive components. L or C is the first order filter, LC is the second order filter and LCL is the third
order filter [139, 140].

Figure 133: Circuit diagram for a Pulse Width Modulated (PWM) Voltage Source Inverter (VSI)
(Source: A. Hughes and B. Drury [84])

3.3.1 Three-Phase Full Wave Rectifier with Diodes
The line commutated three phase, six-pulse, full-wave rectifier with diodes is shown in
Figure 134 (Author and [141]). The supply three voltage (A, B and C) system specified by the below
voltages:
VA(s) = Vph(s)∙sin(2πf∙t + 0)
VB(s) = Vph(s)∙sin(2πf∙t - 2π/3)
VC(s) = Vph(s)∙sin(2πf∙t - 4π/3)

(3.56.1)
(3.56.1)
(3.56.3)

where Vph(s) is the amplitude of supply phase voltage, f is the supply frequency and t is time. The
amplitude of supply phase voltage is given below [142]:
Vph(s) = √2∙Vph(s)-(rms) = (√2/√3) VL(s)-(rms) = VL(s) / √3

(3.57)

where VL(s) is the amplitude of line-to-line supply voltage, Vph(s)-(rms) is the RMS value of supply
phase voltage and VL(s)-(rms) is the RMS value of line-to-line supply voltage.

96

Figure 134: Circuit diagram of three-phase
full-wave bridge rectifier (Qn: Diode n, n=1:6)
(Source: Author and [141])

The average output voltage of rectifier with diodes, the DC voltage, is [143]:
VDC = (3√2/π)∙VL(s)-(rms) = (3/π)∙VL(s) = 0.9549∙VL(s)

(3.58)

The DC voltage, VDC, has an AC ripple which is given by the following equation [143]:
Vripple = 0.0408∙VL(s)

(3.59)

and the Voltage Ripple Factor (VRF) is given from the following ratio [143]:
VRF = Vripple / VDC

(3.60)

3.3.2 Intermediate Circuit (DC Link)
The output of a full-wave rectifier circuit is not pure DC but it contains fluctuations (or) ripple,
which are undesired. To minimize the ripple content in the output, filter circuits are used. These
circuits are connected between the rectifier and the inverter. Ideally, the output of the filter should be
pure DC practically; the filter circuit will try to minimize the ripple at the output, as far as possible
[144].
Basically, the ripple is AC, i.e., varying with time, while DC is a constant with respect to time.
Hence in order to separate DC from ripple, the filter circuit should use components such as
inductance and capacitance. Ideally, the inductance acts as a short circuit for DC, but it has large
impedance for AC. Similarly, the capacitor acts as open for DC if the value of capacitance is
sufficiently large enough. Hence, in a filter circuit, the inductance is always connected in series with
the load, and the capacitance is connected in parallel to the load [144].

3.3.3 Three-Phase Inverter
The three phase inverter has a DC input voltage (VDC) which is the voltage after the DC Link.
The inverter job is to take this DC input and to give AC output, where the magnitude and frequency
can be controlled, while this performed in the switched mode [143].
This mode consists in power semiconductors switches are controlled in an on-off fashion and
only one switch can be turned on at a time, to avoid a short circuit in the dc-link. The three-phase
inverter is usually modeled with six (6) pair of IGBT-Diodes as shown in Figure 135
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(Author and [141]). The actual power flow in each motor phase is controlled by the duty cycle of the
respective switches (the percentage of one period in which a signal is active). To obtain a suitable
duty cycle for each switches technique pulse width modulation is used [129].
There are several techniques of Pulse Width Modulation (PWM). The Sinusoidal Pulse Width
Modulation (SPWM) technique has been used for controlling the inverter as it can be directly
controlled the inverter output voltage and output frequency according to the sine control functions
(see 3.3.5.2).

Figure 135: Switch topology of three-phase inverter
(Qn: IGBT-Diode n, n=1:6) (Source: Author and [141])

In the linear region (m ≤ 1.0), the fundamental-frequency component in the output voltage varies
linearly with the amplitude modulation ratio m (Equation 3.63 and Appendix G) [143]. The line-toline RMS voltage at the fundamental frequency, due to 120o phase displacement between phase
voltages, can be written as [145, 146]:
√
√

(3.61)

and is called the amplitude of the first harmonic or fundamental amplitude. The term
fundamental frequency is used to describe the frequency of the sinusoidal control voltages (Equations
3.62.1÷3.62.3). For most practical loads only the fundamental component of the inverter output
voltage is of interest. However the inverter output also contains significant amount of higher order
harmonic voltages, which are voltages that operate at a frequency that is an integer multiple of the
fundamental frequency and their amplitude are very low, that cause undesirable distortion of the
output waveform [145, 147, 148].

3.3.4 Harmonic Attenuation by an LC Filter
Harmonics are the by-products of modern electronics. All variable frequency drives cause
harmonics because of the nature of the front-end rectifier design. Three-phase harmonics occur
when incoming AC voltage is rectified by the three-phase full wave diode bridge, which charges the
capacitor banks in the DC bus. The conversion from AC to DC is used to charge the capacitors to a
rated potential [149].
As the motor draws the voltage from the DC bus supply, the potential on the capacitors is less
than the incoming line supply voltage. Before reaching a lower regulated limit, the DC bus capacitors
recharge again in the next half cycle of the voltage sine wave to the peak. This process is repeated
twice in each peak of the sine wave from the process of continuously charging and discharging of the
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DC bus capacitors. The capacitors draw a pulse of current only during the first and second half peak
of the voltage sine wave [149].
The harmonic attenuation of the inverter AC output voltage waveform can be achieved by
passive filters [145]. The passive filter is modeled as a LC circuit and the topology is shown in
Figure 136 [139].

Figure 136: 2nd order three phase passive harmonic filter
Topology after inverter (Source: N.I. Raju et all. [139])

3.3.5 Pulse Width Modulation Method
Pulse width modulation is the process of modifying the width of the pulses in a pulse train in
direct proportion to a small control signal; the greater the control voltage the wider the resulting
pulses becomes. Many different modulation methods were proposed and development of it is still in
progress [129]. The modulation method is an important part of the control structure. It should provide
features like:







wide range of linear operation,
low content of higher harmonics in voltage and current,
low frequency harmonics,
operation in overmodulation,
reduction of common mode voltage,
minimal number of switching to decrease switching losses in the power components.

All PWM methods have specific features. However, there is not just one PWM method which
satisfies all requirements in the whole operating region. Therefore, in the literature are proposed
modulators, which contain from several modulation methods. The content of the higher harmonics
voltage (current) and electromagnetic interference generated in the inverter fed drive depends on the
modulation technique [129].

3.3.5.1 Sinusoidal Pulse Width Modulation
The most widely used method of pulse width modulation is Sinusoidal Pulse Width Modulation.
This method is also known as the carrier based PWM, triangulation, subharmonic, or suboscillation
method [150, 151].
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3.3.5.2 Operating Principle of VSI with SPWM
The inverter is fed by a DC voltage, VDC, and has three phase-legs each consisting of two
transistors (IGBT) and two diodes. With SPWM control, the switches of the inverter are controlled
based on a comparison of a sinusoidal control signal and a triangular switching signal as shown in
Figure 137 [150]. In most instances the magnitude of the triangle wave is held fixed and its value is
always in the range -1 to 1. The sinusoidal waves are called reference signals and they have 120 o
phase difference with each other. The frequency of these sinusoidal waves is chosen based on the
required inverter output frequency (for instance 50/60 Hz) and it is called the fundamental
frequency. The carrier triangular wave is usually a high frequency (in several KHz) wave in order to
eliminate a large number of lower harmonics and it is called the PWM or Switching frequency, f sw.
The switching/logical signals, SA, SB, SC, are generated by comparing the sinusoidal waves with the
triangular wave. The comparator gives out a pulse when sine voltage is greater than the triangular
voltage and this pulse is used to trigger the respective inverter switches [129, 145, 150, 151, 152]
(see Appendix F).
The amplitude of the inverter output voltages is therefore controlled by adjusting the amplitude
of the sinusoidal control voltages. The diodes provide paths for current when a transistor is gated on
but cannot conduct the polarity of the load current. For example, if the load current is negative at the
instant the upper transistor is gated on, the diode in parallel with the upper transistor will conduct until
the load current becomes positive at which time the upper transistor will begin to conduct. By
controlling the switches in this manner, the line-to-line inverter voltages at the output of the inverter
are AC, with a fundamental frequency corresponding to the frequency of the sinusoidal control
voltage [145, 150].
More analytically, in three-phase SPWM a triangular voltage waveform, VT, with values from -1
up to 1 and with a frequency fsw, is compared with three sinusoidal control voltages, Va, Vb, and Vc,
also called reference signals (as already stated above) or modulating signals and the relative levels of
the waveforms are used to control the switching of the devices in each phase leg of the inverter [129,
145, 150, 151].
(3.62.1)
(3.62.2)
(3.62.3)

where Vm is the amplitude of the reference signal which is equal with the amplitude
modulation ratio m (Equation 3.63) and f1 is the fundamental frequency which is also called
frequency of the inverter. The amplitude modulation ratio or modulation index, m, is the ratio of the
peak magnitudes of the reference signal and the triangular carrier signal as shown below [129, 145,
150, 151]:
m = V m / VT

(3.63)

The modulation index m can be varied between 0 and 1 to give a linear relation between the
reference and output wave (see Appendix G).
Furthermore, the inverter is composed of six switches, Q1 through Q6, with each phase output
connected to the middle of each inverter leg as shown in Figure 135. The output of the comparators in
Figure 137 forms the control signals, SA, SB , SC, for the three legs of the inverter. Two switches in
each phase make up one leg and open and close in a complementary fashion. That is, when one switch
is open, the other is closed and vice-versa. The output pole voltages Vao, Vbo, and Vco of the inverter
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switch between -0,5∙m∙VDC and +0,5∙m∙VDC voltage levels where VDC is the total DC voltage [129,
150] (see Appendix F).
The peak of the sine modulating waveform is always less or equal than the peak of the triangle
carrier voltage waveform (for m≤1). When the sinusoidal waveform is greater than the triangular
waveform, the upper switch is turned on and the lower switch is turned off. Similarly, when the
sinusoidal waveform is less than the triangular waveform, the upper switch is off and the lower switch
is on. Depending on the switching states, either the positive or negative half DC bus voltage is applied
to each phase [129, 150, 152]. Typical waveforms of SPWM technique is shown in Figure 138 [152].

Figure 137: Control signal generators for SPWM
(Source: Author and B.K. Bose [150])

Figure 138: Typical waveforms of three-phase sinusoidal PWM (from up to down): reference
voltages (a,b,c) and triangular wave, Vao, Vbo , Vco, line-to-line voltage VAB
(Source: K. Rajashekara et all. [152])

3.3.6 Constant V/f Ratio Control with VSI
Maintaining the V/f ratio constant at all speeds requires controlling the rectifier firing delay
angle in proportion to the desired speed [153]. The exact VFD design with a constant V/f ratio
requires controlling the induction machine terminal voltage through the control the rectifier firing
delay angle “α” in proportion to the desired speed as discussed next.
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The output of the three-phase rectifier can be controlled by substituting SCRs for diodes. Figure 133
shows a controlled six-pulse three-phase rectifier. With SCRs, conduction does not begin until a gate
signal is applied while the SCR is forward-biased. Thus, the transition of the output voltage to the
maximum instantaneous line-to-line source voltage can be delayed. The delay angle
is referenced from where the SCR would begin to conduct if it were a diode. The delay angle is the
interval between when the SCR becomes forward-biased and when the gate signal is applied.
Figure 139 shows the output of the controlled rectifier for a delay angle of 45o [143].

Figure 139: Output of a rectifier (DC voltage) for
delay angle α=45o (Source: D.W. Hart [143])

The average output voltage of the line commutated three phase, six-pulse, full-wave rectifier with
SCRs, the DC voltage, is [143]:
VDC = (3√2/π)∙VL(s)-(rms) ∙cosα= (3/π)∙VL(s) ∙cosα = 0.9549∙VL(s) ∙cosα

(3.64)

Equation 3.64 shows that the average output voltage is reduced as the delay angle α increases.
The Torque-Speed curves of Figures 128÷130 are for different frequencies and constant V/f
ratio. The three-phase SPWM voltage source inverter can be used for this application if the DC
input is adjustable. Based on the configuration of Figure 133, an adjustable DC voltage can be
produced from a controlled rectifier (rectifier with SCRs - controlling the delay angle α and thus
the VDC amplitude), and an inverter produces an AC voltage at the desired fundamental frequency
(controlling the frequency of the sinusoidal control signals – Equations 3.62.1÷3.62.3).
The PWM technique is useful in a constant V/f ratio control application because the amplitude of the
inverter output voltage can be also adjusted by changing the amplitude modulation ratio m. The DC
input to the inverter can come from an uncontrolled source (rectifier with diodes) in this case [143] as
shown in Figure 140 (Author and [110]).

Figure 140: V/f ratio control of a PWM VSI with controllable (dash line)
or uncontrollable (solid line) rectifier (Source: Author and [110])

102

3.4

VSI in MATLAB/Simulink® for the 720 kW OCT

In this section, the MATLAB/Simulink® model for the three-phase SPWM VSI and numerical
results are presented based on the720 kW IG for the 20 meters diameter OCT. The model description
and the numerical model are presented below.
3.4.1 Model Description
MATLAB/Simulink® provides SimPowerSystems toolbox, as already explained in section
2.3.1, which is a library containing dynamic models of power electronics systems and
electrical/electronic elements such as rectifiers, inverters, RLC circuits, LC filters etc. In Figure 141
the three-phase VSI complete model is presented while in Figures 142÷145 each part of the entire
model is shown separately. The design parameters for the rectifier, the DC link, the inverter and the
harmonic filter are presented in Tables 6÷9 respectively. The rectifier parameters were chosen based
on the utility supply voltage and frequency (input) as well as the required DC voltage (output). The
DC link parameters were selected so that the DC voltage has minimum fluctuations and the response
of the DC link is adequate for simulation purposes. In addition, the inverter parameters were chosen
so that the inverter internal design is as simple as possible and the results are the required. Finally, the
LC harmonic filter parameters were selected based on the trial and error method. The trial and error
method also used for the final adjustment of the entire system response including minor changes in
each one of the above mentioned VSI’s part.

Figure 141: Three phase voltage source VSI implemented in MATLAB/Simulink® environment
Table 6: Rectifier parameters
Number Of Bridge Arms
Snubber Resistance (Rs)
Snubber Capacitance (Cs)
Device Used
Internal Resistance of Diodes (Ron)
Internal Inductance of Diodes (Lon)
Forward Voltage (Vf)
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3
107 Ω
Inf (Resistive)
Diodes
0.001 Ω
0.000 H
0.8 V

Figure 142: The Universal Bridge block for simulation
of Rectifier (Source: Mathworks Inc. [108])
Table 7: DC link parameters
200∙10-5 H
5000∙10-4 F

Inductance (L)
Capacitance (C)

Figure 143: DC link of LC type
(Source: Mathworks Inc. [108])
Table 8: Inverter parameters
Bridges
Snubber Resistance (Rs)
Snubber Capacitance (Cs)
Device Used
Internal Resistance of Diodes (Ron)
Device Forward Voltage (Vf)
Diode Forward Voltage (Vfd)
Fall Time (Tf)
Tail Time (Tt)

3
105 Ω
Inf
IGBT/Diodes
0.002 Ω
0.0 V
0.0 V
10-6 s
2∙10-6 s

Figure 144: The Universal Bridge block for simulation
of Inverter (Source: Mathworks Inc. [108])
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Table 9: LC filter parameters
Inductance (L)
Capacitance (C)

1∙10-4 H
6∙10-5 F

Figure 145: Three phase 2nd order LC passive filter
(Source: Mathworks Inc. [108])

The implementation of Sinusoidal Pulse Width Modulation technique in MATLAB/Simulink®
environment is shown in Figure 146. Using relational operator (“>” and “NOT”) and for amplitude
modulation ratio equal to 1 (m=1) the output pole voltages value range from –VDC/2 to VDC/2 and as a
result the firing pulses are generated which are a required input of the inverter block as shown in
Figure 144. The solver parameters were used, for the simulation of the SPWM VSI, are given in
Table 10.
Table 10: Solver parameters for SPWM VSI
Type
Solver
Relative Tolerance
Max Step Size
Min Step Size
Solver Reset Method

Variable-Step
ode23tb
0.0001
0.001
0.00000000001
Fast

Figure 146: Control signal generators for SPWM implemented with relational operators for m=1
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3.4.2 Numerical Results
The 720 kW IG for the 20 meters diameter OCT has a rated line-to-line voltage of 460 V RMS,
as shown in Table 5 (Chapter 2). Thus, based on Equation 3.61 and considering m=1, the DC voltage
should be approximately 750V. According to Equation 3.58, the DC voltage after the rectifier depends
on the supply voltage amplitude. So, for a DC voltage of 750V the supply phase voltage amplitude
should be 454 V and it is assuming a frequency of 60Hz. Numerical results of the VSI and comparison
with the theory are shown below.
The three-phase supply waveform phase voltages VA(s), VB(s), VC(s) and line voltages VAB(s), VBC(s),
VCA(s), are shown in Figure 147 and 148 respectively. The line-to-line supply voltages are 556.2 V
RMS. The voltage after the rectifier which is a DC voltage with an AC ripple is shown in Figure 149.
A comparison between the theory and the simulation results from MATLAB environment is shown in
Table 11. According to Equation 3.58, the VDC theoretical value is 751.2 V with an AC ripple almost
32 V where the simulation gives sufficient result of a VDC = 745 V with a VRIPPLE of 35 V. Finally the
ripple factor, VRF, is less than 5% which is very tolerable.

Figure 147: Three phase supply waveform phase voltages, VA(s),VB(s),VC(s) (321.1 VRMS)

Figure 148: Three phase supply waveform line to line voltages, VAB(s),VBC(s),VCA(s) (556.2 VRMS)
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Figure 149: DC voltage with ripple
Table 11: Comparison of theory and simulation results in rectifier section

Vph(s)-RMS
VLL(s)-RMS
VDC
Vripple
VRF

Theory
321.1 V
556.2 V
751.2 V
30 V
0.03993

Simulation
321.1 V
556.2 V
745 V
35 V
0.04697

The voltage after the DC link which is a DC voltage with an insignificant AC ripple is shown in
Figure 150. Before the DC link the AC ripple was 35 Volts when after the LC circuit the ripple
reduced as low as 5 Volts as shown in Figure 150. Thus, the voltage on the DC bus becomes
“approximately” 755 VDC.

Figure 150: DC voltage after DC Link (755 V)

The sinusoidal control voltages and the triangular switching signal as well as the output voltages
Vao, Vbo and Vco, are shown in Figure 151. The value of modulation index, m, was chosen to be 1.0
within the linear region of the modulation technique. The load of the VSI is the induction
motor/generator with a rated frequency 60Hz. So, the fundamental frequency, f1, should be the same
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as the rated frequency of the motor. For this reason, the frequency of the control voltages was selected
to be 60 Hz. The outcome of the SPWM technique are the firing pulses or output voltages where they
are fluctuate between +m∙VDC/2 and –m∙VDC/2 (±377.5 Volts).

Figure 151: Triangular-Control signals (for m=1.0) and output pole voltages (±m∙VDC/2) of SPWM circuit

The voltages after the inverter section are shown in Figures 152 and 153. The waveforms of
line-to-line inverter voltages are fluctuate between +m∙VDC and –m∙VDC (±750 Volts) in a rectangular
scheme while the waveforms of the phase inverter voltages are fluctuate in a rectangular step scheme
between ±m∙VDC/3 and ±m∙2VDC/3.

Figure 152: Three-phase line-to-line voltages (±755 V) of the inverter before the harmonic filter
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Figure 153: Three-phase phase voltages (±503.3 V) of the inverter before the harmonic filter

Using the 2nd order passive LC filter after the inverter section, the rectangular waveform of lineto-line inverter voltages is converted to a sinusoidal waveform with same frequency as the control
voltages signals, 60 Hz, and amplitude 650 V (459.6 V RMS), as shown in Figures 154 and 155, which
means that the rms value of line-to-line voltages after the harmonic filter is 460 V. According to
Equation 3.61, the theoretical RMS value of the line-to-line inverter voltages at the fundamental
frequency is 462.5 V RMS (≃654 V). The difference between theory and simulation is at the level of
3 Volts which is equal of 0.6% and it is acceptable. Finally, the inverter phase voltages after the
harmonic filter, Van, Vbn, Vcn are shown in Figure 156 and they are referred to the stator phase voltages
Va, Vb and Vc according to Appendix C.

Figure 154: Three-phase line-to-line voltage (±640 V) of the inverter after the harmonic filter
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Figure 155: Vab line-to-line voltage (±640 V) of the inverter after
the harmonic filter

Figure 156: Three-phase phase voltages (±369.5 V) of the inverter after the harmonic filter

3.5

Simplified Version of VSI in MATLAB/Simulink®

The scalar control method of constant V/f ratio can be implemented with the three-phase SPWM
VSI presented in previous section. The three-phase VSI of Section 3.4 consists of an uncontrollable
rectifier which means that the control of voltage and frequency is held through the adjustment of
amplitude modulation ratio m and the frequency (fundamental component) of the sinusoidal
control signals in PWM scheme respectively.
A simplified not realistic version of three-phase VSI as presented in Section 3.4 and the
comparison among them is shown below. The reason is the diminution of computer power needed for
the simulation of the entire plant model as it will be discussed in Chapter 4. The main and only
assumption that should be done so that the comparison has a meaning is that if the stator phase
voltages (or line-to-line) through the realistic VSI (inverter phase voltages after the harmonic filter),
Van, Vbn, Vcn (or Vab, Vbc, Vca), is the same, in frequency and amplitude, with the phase voltages from
the simplified model, then the response of the induction machine will be equal in any case as the
stator phase voltages are the necessary inputs for the induction motor/generator model presented in
Section 2.3.
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The simplified model is shown in Appendix D for constant voltage and frequency using the
Control Voltage Source (CVS) block. An example of different frequencies and constant voltage
(green color blocks) is shown in Figure 157. The same could be applied for the control of the voltage
with constant or control frequency.

Figure 157: Simplified version of three-phase VSI with different fundamental
frequencies and constant voltage in MATLAB/Simulink® environment

The line-to-line stator three-phase voltages comparison between the realistic three-phase VSI
and the simplified one with constant voltage but different frequencies, as shown in Figure 158, from
the rated frequency 60 Hz up to 30 Hz, which is a 50% decrease of the rated frequency, is shown in
Figures 159÷161.

Figure 158: Stator three-phase voltage frequency (fundamental component in case of realistic VSI)
versus time. Range from 100% rated frequency (60Hz) up to 50% rated frequency (30 Hz)

Figure 159: The line-to-line stator three-phase voltage, Vab, comparison between the realistic VSI
and the simplified version with CVS for different frequencies and constant voltage
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Figure 160: The line-to-line stator three-phase voltage, Vbc, comparison between the realistic VSI
and the simplified version with CVS for different frequencies and constant voltage

Figure 161: The line-to-line stator three-phase voltage, Vca, comparison between the realistic VSI
and the simplified version with CVS for different frequencies and constant voltage
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CHAPTER 4
MODELING, CONTROL AND SIMULATION OF AN OVERALL OCEAN
CURRENT ENERGY CONVERSION SYSTEM

4.1

The Ocean Current Energy Conversion System (OCECS)

The major components of an Ocean Current Energy Conversion System (OCECS) are as follow:
ocean current turbine (OCT), gear box, shafting system, generator, power converters, transformer and
the grid as shown in Figure 162 [154 and Author].
Based on the existing designs and prototypes around the world, as presented in Chapter 1, a
small power capacity OCT which can operate standalone to supply power to houses, villages, farms,
and islands is costly and not feasible. All of the OCT projects are designed to be grid connected, and
the power will be generated is fed directly to the grid. Most generators operate at a few hundred volts,
such as 460 V or 690 V. Transformers are used to increase the generator voltage to tens of kilovolts,
such as 35 kV for every single OCT in case of a farm, where the voltage is further stepped up by
transformers to connect to the grid, which can be at hundreds of kV, such as 230 kV [154]. A
schematic diagram of the grid-connected ocean current farm is shown in Figure 163
(Author and [154]).

Figure 162: Major components of an OCECS (Source: Author and [154])

Figure 163: Grid-connected ocean current farm (Source: Author and [154])

The two (2) main electrical components in OCECS are the generators and power converters.
Both induction generators, such as squirrel-cage induction generators (SCIG) or wound rotor
induction generators (WRIG), and synchronous generators, such as permanent magnet synchronous
generators (PMSG), have been used in the design stage or in prototypes for ocean current energy
conversion systems (see Chapter 1).
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The basic operation of induction generators (IG) has been discussed in Chapter 2, primarily their
applications as motors. These machines are used in ocean current energy systems in their generating
mode. The operation and control strategies of induction generator systems and power converters have
been discussed in Chapter 3. Based on the existing designs around the world and the nature of the
ocean currents, all the OCECS will be variable speed systems with full capacity converters in contrast
with wind turbines where fixed speed or variable speed can be found with full or reduced capacity
converters [154, 155].
An OCECS with full capacity power converters is shown in Figure 164 (Author and [154]). In
this system the generator is connected directly to the grid via a full capacity power converter.
Because of the converters, the generator is fully decoupled from the grid and can operate in full
speed range, and performance is greatly enhanced. Squirrel-cage induction generators (SCIG) and
permanent magnet synchronous generators (PMSG) are all can be used in this configuration for highpower (several kW) ocean current generator systems. Because of ocean current wide speed variation
and in different depths and directions, the system can be operated with variable pitch blades to
extract maximum ocean current energy at different current direction and depths (the variable pitch
will help the OCT to change position in the space).

Figure 164: Block diagram of a variable speed OCECS with full capacity power converters
(Source: Author and [154])

A more realistic schematic diagram of a SCIG-based generation OCECS with full capacity
power converters is shown in Figure 165 (Author and [70]). A mechanical brake is normally placed
on the high-speed shaft between the gearbox and the generator, as shown in Figure 165. The main
advantage of placing the brake on the high-speed shaft is that it handles much lower braking torque.
Hydraulic and electromechanical disc brakes can be used but always in a sealed environment for the
protection from the water [155]. The mechanical brake should be normally able to bring the OCT to
a complete stop under any current velocity. Moreover, the main circuit breakers, the transformer and
the medium voltage switchgear complete the auxiliary electrical equipment for the total decoupling
between generator and the grid and for the correct and safe connection of the OCECS to the grid
respectively. On the other hand, the control of the SCIG and the network-side power is held by PWM
VSIs. The generator side PWM VSI (or a diode-based rectifier) used to control the operation of the
generator (see Chapter 3.3) while the network-side PWM VSI is used to control the power flows to
the network [156]. The strategy to control the operation of the generator and power flows to the
network depends very much on the type of power converter arrangement employed [156]. Finally, the
pitching mechanism (pitch drive) is attached to the low-speed shaft so that varies the blade pitch
angles.
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Figure 165: A realistic schematic diagram of a SCIG-based generation OCECS
with full capacity power converters (Source: Author and [70])

4.2

Modelling of OCECS in MATLAB/Simulink®

In this section, the MATLAB/Simulink® overall model for the OCECS is presented based on
the 720 kW IG for the 20 meters diameter variable pitch OCT. The assumptions are used for the
modeling and simulation of the overall system is shown below:
The current velocity is constant and independent of time (VC = constant).
No losses on the gearbox and the shafting system (ηgearbox = ηshaft = 1).
The high-speed and the lower-speed part of the shaft have the same diameter.
For the shaft vibrational model, we assume that the gearbox does not exist.
For the same current velocity, the different RPM of the OCT based on the control of pitch blade.
The control of pitch blade as well as the grid side power converter with the transformer are not
examined or incorporated into the overall model.
For the scalar control of the SCIG (constant V/Hz ratio), the simplified PWM VSI is used as
presented in Section 3.5.
The model description and the numerical models are presented below.
4.2.1 Numerical Models and Description
The below sub-sections provide the numerical approach used to model each part of the OCECS.
These numerical models were developed in MATLAB/Simulink® environment as already mentioned.
The OCECS consists of four (4) main modules: the OCT hydrodynamic model, the shafting system,
the SCIG model and the PID controller as shown in Figure 166. The steady state analysis and
performance of the system, including the ability of the developed controller to achieve specified
rotational velocity set-points, is examined using the model which is presented in Figure 166.
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Figure 166: Steady-state OCECS model implementation in MATLAB/Simulink® environment

4.2.1.1 The OCT Model (Rigidly Mounted)
The OCT simplified model provided by Florida Atlantic University (FAU) and especially the
Southeast National Marine Renewable Energy Center (SNMREC). The simplified numerical model
refers to a rigidly mounted OCT in the seabed and it results from a detailed model which based on the
Boundary Element Momentum approach [60, 63]. The depth of the OCT hub is 25 meters.
Furthermore, the OCT sub-block demands as an input the current velocity, VC, in m/s and the
rotational speed of the OCT in RPM, Nturbine, while the output is the OCT generated torque, Tturbine, in
N∙m. The rotational state of the OCT is calculated as shown below [156]:
∙

(4.1.1)
(4.1.2)

where the Jturbine is the OCT moment of inertia with a value of 4.7365∙105 kg∙m2 and Tshaft(low-speed) is the
torque load provided by the low-speed part of the axis (Toct according to Figures 166 and 167).

Figure 167: The OCT simplified model implemented in MATLAB/Simulink® environment
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4.2.1.2 The SCIG Model and the Gearbox
The SCIG numerical model with the simplified VSI has been detailed presented in Sections 2.3,
2.4.2, 3.3, 3.4 and 3.5. The SCIG is connected with a reduction gear that has an overall efficiency of
ηgear = 100% (for calculation simplicity) and gear ratio which is given from the following equation:
(4.2)
Because of the gear ratio, the high speed part of the shafting system (generator side) has high
rotational velocity and lower torque while the slow speed part (OCT side) has low rotational velocity
and high torque so that the law of conservation of energy to be respected.

4.2.1.3 The Shafting System Vibrational Model
The shaft is modeled a series of inertias (masses) and springs with frictional losses on the mass
elements. The forcing function for the system is based upon a time-dependent torque load on the
SCIG end and a time-dependent driving torque from the OCT (low speed part of the shaft). The
mechanical model can be represented by the one-dimensional system of masses and springs rotating
on bearing surfaces [156, 157].
The last shafting element takes as an input the speed from the OCT. It shall transmit the speed to
the following elements considering friction due to bearings, vibration and twist. Therefore, all
characteristics of the shaft need to be modeled including the material properties, an approximation of
the frictional losses and the geometry of the shaft. The model has been represented in three
dimensions using Rhinoceros 3D CAD software as seen in Figure 168 [157].

Figure 168: Representation of the OCECS shaft as a sum of masses and
springs. Side view of the discretized shaft model (Source: [157])

FAU and SNMREC performing analysis of the OCT so that the diameter of the shaft and the
material was selected placing the natural frequency of both OCT and shaft in an acceptable range of
about twice the resonant frequency. The shaft is 4m long and hollow type with one (1) bearing located
between the IG (in reality the gearbox) and the OCT. The shaft is modeled as a 2 element component
connected with a spring. The OCECS shaft characteristics are shown in Table 12.
Table 12: OCECS shaft characteristics
Shaft Length

Lshaft: 4 m

Number of Elements

2 (-) (OCT + IG)

Number of Springs

1 (-)

Shaft Diameter (Hollow Type)

Dout: 25 cm (outer) , Din: 20 cm (inner)

Shaft-OCT Flange

Df: 60 cm , lf: 10 cm

Number of Bearings

1 (-)

Shaft Material

Stainless Steel
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Except for the above geometric characteristics and material of the shaft, the vibrational model
block needs also the density and shear modulus of shaft material (77.2 GN/m2 for stainless steel
[158]), the inertia of the shaft elements (ji) including the IG and the OCT, the frictional losses on
bearings (bi) and the torsional spring constants (kti). A representation of the shaft vibration model
mechanical system for 6 elements with 5 springs and 3 bearings is shown in Figure 169 (Author).

Figure 169: Representation of shafting vibrational model mechanical
system for 6 elements, 5 springs and 3 bearings (Source: Author)

The governing system of differential equations that describe the vibrational model are shown below
[157, 159, 160]:
∙

where

∙

∙

(4.3)

is the shaft stiffness matrix [n x n-1], is the moment of inertia matrix [n x 2],

viscous frictional loss matrix [n x n],

is the shaft deformation vector [n-1 x 1],

is the

is the shaft

rotational velocity vector [n x 1], is the torque vector [2 x 1] and n is the number of elements. The
above matrices and vectors are given by the following equations [157]:
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(4.4.1)

(4.4.2)

,
⋮

(4.4.3)

,

where bn is the viscous friction coefficients of shaft nth element bearing, jn is the moments of
inertia of shaft nth element (where always j1 and jn are the IG and the OCT element respectively),
kt(n-1) is the torsional spring constant of (n-1)th spring, δθ(n-1) is the deformation angles of shaft
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torsional (n-1)th spring, ωn is the rotational velocity of shaft nth element (where always ω1 and ωn are
the ωm and Nturbine respectively .
The load torque which OCT faces is given by the following equation [156]:
∙

∙

∙

ω

ω

∙

N

ω

(4.5)

and in case of two elements (n=2):
∙

∙

∙

ω

ω

∙

N

ω ∙

(4.6)

Thus, the IG load torque is derived from the following equation using the reduction gear ratio:
T

∙

(4.7)

The value of torsional spring constant,
, which refers to the last spring of the system that
connect to the OCT flange (OCT element – last element) depends on the geometric characteristics of
flange as shown below (in case of n=2 then kt1) [156, 161, 162]:
∙

∙

(4.8)
∙

(4.9)

where lf, Df are the length and the diameter of OCT flange respectively and jf is the polar
moment of inertia of the flange. For a shafting system with uniform circular cross section, the
moments of inertia and the spring constants can be estimated by the following relationships for hollow
shaft type [162]:
∙

∙

,

∙
∙

∙

,

∙
∙

(4.10)
(4.11)
(4.12)

∙

(4.13)

where i=2÷(n-1), k=1÷(n-2)and jpolar,i is the polar moment of inertia of ith element, m is the
mass, ρ is the density of the material, G is the shear modulus or modulus of rigidity of the material
and is the length of the shaft elements which is equal of the total length of the shaft divided by the
number of elements (= Lshaft/n). Furthermore, j1 is the IG moment of inertia and is given from the
manufacturer.
As far as the frictional losses, the theory involved in computing bearing viscous friction by
advanced fluid dynamic techniques is outside the scope of this research effort. For practical purposes
in the marine engineering, selecting an empirical viscous frictional loss value, as was done, is typical
and reasonable. The value of all bearings viscous friction coefficient (b1, b2 and b3) is 0,5 N·m·s/rad.
Finally, the shafting vibrational model accepts a rotational velocity from the OCT which is the
OCT rotational velocity during its operation (Nturbine). The other input to the shafting vibrational
model is the IG rotor mechanical angular velocity (ωm). The shafting module outputs are the
necessary torque load to the induction motor (Tm) which is the torque at the high speed side of the
shaft and the load torque where OCT faces (Toct) which is the torque at the low speed side of the shaft
119

as shown in Figure 170. The shaft vibrational model implemented in MATLAB/Simulink®
environment for n=2 elements and one bearing is shown in Figure 171.

Figure 170: Inputs (left) and outputs (right) for the shafting
vibrational model block in MATLAB/Simulink® environment

Figure 171: The shaft vibrational model implemented in MATLAB/Simulink®
environment for n=2 elements and one bearing

4.2.1.4 The Power Controller (PID Bblock)
The PID (Proportional-Integral-Derivative) controller, [163], implemented for the control of
the induction motor speed is designed to observe the actual angular mechanical speed of the IG via a
speed sensor such as a hall effect sensor, or optical encoder, compares the value to the desired angular
mechanical speed, and based on the difference between the two, generates a perturbation of the drive
frequency. This perturbation is then added to steady state (constant) rad/s set point based on the
desired rpm and nominal load curve of the current turbine.
More specifically, the scalar input signal to the feedback controller is the generator mechanical
speed (rpm) error while the scalar output signal is electrical supply frequency correction (rad/s) for
the SCIG in the system. The frequency correction is added to the steady state (constant) rad/s set point
based on the desired rpm and nominal load curve of the current turbine.
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Figure 172: Model in MATLAB/Simulink® referred to the implementation of induction
generator simplified scalar control (green blocks – supply frequency and voltage) with
the closed loop feedback from PI controller (MV)

The PID controller is adjusted to reduce noise of the OCT torque and RPM. Zielger-Nichols
tuning method is used to determine the gain parameters: KI, KP and KD [164]. The integral and the
derivative gain are first set to zero and the proportional gain is slowly increased until an oscillation of
the control variable (RPM) can be observed. Once determined, the proportional gain is saved as the
ultimate value Ku and the period of oscillation, Tu, is measured. Finally KP and KI are calculated based
on the following equations [164]:
0,6 ∙
1.2 ∙
0.075 ∙

/
∙

(4.14)
(4.15)
(4.16)

In our case the set point is the desired mechanical rotational speed of the generator, ωmd, the
process value is the actual mechanical rotational speed, ωm, the process block is the SCIG block and
the manipulated variable (MV) is the electrical supply frequency correction signal which is
superimposed to the steady state (constant) rad/s set point as shown in Figure 172. All the above is
shown in Figure 173 (Author).

Figure 173: General form of the PI Controller (Source: Author)

The values for the gain parameters are shown in Table 13. Following establishing industrial
practice, the D term of PID control is zero deliberately due to the amplification of noise of the OCT’s
torque. The inertia of the generator already damps the OCT so there is no need of additional term
that complicates the tuning. Another reason is that a PID controller is used rarely in industrial
applications (controlling processes) and especially for the control of rotational speed of an electric
motor/generator where a PI has predominated [163].
Table 13: Controller gains
0.001
0.015
0.000

KP
KI
KD
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4.3

OCECS Simulation Results

In this section, steady state numerical results of the Ocean Current Energy Conversion System
(OCECS), which implemented in MATLAB/Simulink®, are presented. The system, as presented in
Figure 166, is intended for the 720 kW SCIG which is connected with the 20 meter rotor diameter
SNMREC’s 720 kW variable pitch ocean current turbine (OCT).
Two different cases are examined based on different ocean current velocity (Vc). The first case
is for Vc = 1 m/s which consider the pessimistic scenario and the second case is for Vc = 2 m/s
which is the optimistic scenario. For each one of the cases, numerical simulations were conducted for
different steady state operation points. The above mentioned cases are also shown here so that
demonstrate the ability of the developed controller to achieve specified rotational velocity set-points,
through a correction to the steady state value, when the system is operating in any operational point.
The solver parameters were used, for the simulation of the OCECS, are given in Table 14.
Table 14: Solver parameters for OCECS
Type
Solver
Relative Tolerance
Max Step Size
Min Step Size
Solver Reset Method

Variable-Step
ode23tb
0.0001
0.002
0.00000000001
Fast

Steady state analysis of the OCECS for two different current velocities and the response of the
system to the PID corrections are presented in the below sections.

4.3.1 Scenario I (Vc = 1 m/s)
This numerical simulation run was conducted to evaluate the steady state behavior of the 720
kW OCECS which consist of the 720 kW SCIG (Section 2.4.2) with the simplified version of VSI
(Section 3.5), a shaft line of 2 components (n=2) and length of 4 meters (Section 4.2.1.3), a PID
Controller applied at t = 2 seconds (Section 4.2.1.4) and the 720 kW rigidly mounted OCT model
(Section 4.2.1.1). The initial conditions, at t=0 second, are all set to zero except for the initial slip ratio
of the SCIG which set to start from 100%. The reduction gear ratio, igear, was chosen 1/90 and the
ocean current velocity, Vc, is 1 m/s.
The steady state behavior of the OCECS was evaluated for three different operation points
which are shown below:
Nturbine = 10 RPM (so ωm ≃ 900 RPM) and V/Hz = constant (60 Hz, 460 Vrms)
Nturbine = 7 RPM (so ωm ≃ 630 RPM) and V/Hz = constant (42 Hz, 322 Vrms)
Nturbine = 4 RPM (so ωm ≃ 360 RPM) and V/Hz = constant (24 Hz, 184 Vrms)
The above mentioned different values of Nturbine for the same ocean current velocity Vc, based on
the different pitch angle of the OCT blades (see assumptions). Simulation in steady state conditions of
the 720 kW OCECS with above set parameters and the closed loop response in PID corrections are
shown in Figures 174÷191.
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Figure 174: Tturbine versus time for 720 kW OCECS and steady
state conditions Vc = 1 m/s and Nturbine = 10 RPM

Figure 175: Tm versus time for 720 kW OCECS and steady
state conditions Vc = 1 m/s and Nturbine = 10 RPM

Figure 176: Te versus time for 720 kW OCECS and steady
state conditions Vc = 1 m/s and Nturbine = 10 RPM
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Figure 177: PID Correction versus time for 720 kW OCECS and steady
state conditions Vc = 1 m/s and Nturbine = 10 RPM

Figure 178: ωm versus time for 720 kW OCECS and steady
state conditions Vc = 1 m/s and Nturbine = 10 RPM

Figure 179: Nturbine versus time for 720 kW OCECS and steady
state conditions Vc = 1 m/s and Nturbine = 10 RPM
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Figure 180: Tturbine versus time for 720 kW OCECS and steady
state conditions Vc = 1 m/s and Nturbine = 7 RPM

Figure 181: Tm versus time for 720 kW OCECS and steady
state conditions Vc = 1 m/s and Nturbine = 7 RPM

Figure 182: Te versus time for 720 kW OCECS and steady
state conditions Vc = 1 m/s and Nturbine = 7 RPM
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Figure 183: PID Correction versus time for 720 kW OCECS and steady
state conditions Vc = 1 m/s and Nturbine = 7 RPM

Figure 184: ωm versus time for 720 kW OCECS and steady
state conditions Vc = 1 m/s and Nturbine = 7 RPM

Figure 185: Nturbine versus time for 720 kW OCECS and steady
state conditions Vc = 1 m/s and Nturbine = 7 RPM
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Figure 186: Tturbine versus time for 720 kW OCECS and steady
state conditions Vc = 1 m/s and Nturbine = 4 RPM

Figure 187: Tm versus time for 720 kW OCECS and steady
state conditions Vc = 1 m/s and Nturbine = 4 RPM

Figure 188: Te versus time for 720 kW OCECS and steady
state conditions Vc = 1 m/s and Nturbine = 4 RPM
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Figure 189: PID Correction versus time for 720 kW OCECS and steady
state conditions Vc = 1 m/s and Nturbine = 4 RPM

Figure 190: ωm versus time for 720 kW OCECS and steady
state conditions Vc = 1 m/s and Nturbine = 4 RPM

Figure 191: Nturbine versus time for 720 kW OCECS and steady
state conditions Vc = 1 m/s and Nturbine = 4 RPM
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The OCT generated torque, Tturbine, is shown in Figures 174, 180 and 186 for OCT angular
velocity of 10, 7 and 4 RPM respectively. The mechanical load of the SCIG, Tm, is presented in
Figures 175, 181 and 187 for OCT angular velocity of 10, 7 and 4 RPM respectively when the SCIG
electromagnetic torque, Te, is shown in Figures 176, 182 and 188. Moreover, the PID correction for
the three different operation points of the OCECS is presented in Figures 177, 183 and 189 while the
angular velocity of the SCIG, ωm, and the OCT, Nturbine, is shown in Figures 178, 184, 190 and 179,
185, 191 respectively.
The RPM of the OCECS when the controller is applied (at t=2 seconds) has a very short
oscillatory response, followed by a relatively slow convergence towards the RPM set point (three
different operation points – 10 or 7 or 4 RPM) with approximately 50% of the initial RPM error
eliminated in the first 25 seconds (Figures 178, 179, 184, 185, 190 and 191). The torques of the
OCECS, Tturbine, Tm and Te, depends directly (Tturbine) or indirectly (Te and Tm) from the current flow
speed (Vc), the RPM of the system and previous torque values and therefore since Vc is constant and
the RPM are approximately constant, all the torques converges towards constant values.
For any operation point, the controller is shown to converge the mean system RPM towards the
RPM-set point for the OCECS system (10, 7 and 4 RPM) as well as the SCIG and OCT torque. The
only difference is the initial RPM error of the set point where as the operation point getting lower the
error diminished and the convergence to the RPM set point is faster.

4.3.2 Scenario II (Vc = 2 m/s)
This numerical simulation run was conducted to evaluate the steady state behavior of the 720
kW OCECS which consist of the 720 kW SCIG (Section 2.4.2) with the simplified version of VSI
(Section 3.5), a shaft line of 2 components (n=2) and length of 4 meters (Section 4.2.1.3), a PID
Controller (Section 4.2.1.4) and the 720 kW rigidly mounted OCT model (Section 4.2.1.1). The initial
conditions, at t=0 second, are all set to zero except for the initial slip ratio of the SCIG which set to
start from 100%. The reduction gear ratio, igear, was chosen 1/90 and the ocean current velocity, Vc, is
2 m/s.
The steady state behavior of the OCECS was evaluated for three different operation points
which are shown below:
Nturbine = 10 RPM (so ωm ≃ 900 RPM) and V/Hz = constant (60 Hz, 460 Vrms)
Nturbine = 7 RPM (so ωm ≃ 630 RPM) and V/Hz = constant (42 Hz, 322 Vrms)
Nturbine = 4 RPM (so ωm ≃ 360 RPM) and V/Hz = constant (24 Hz, 184 Vrms)
The above mentioned different values of Nturbine for the same ocean current velocity Vc, based on
the different pitch angle of the OCT blades (see assumptions). Simulation in steady state conditions of
the 720 kW OCECS with above set parameters and the response in PID corrections are shown in
Figures 192÷209.
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Figure 192: Tturbine versus time for 720 kW OCECS and steady
state conditions Vc = 2 m/s and Nturbine = 10 RPM

Figure 193: Tm versus time for 720 kW OCECS and steady
state conditions Vc = 2 m/s and Nturbine = 10 RPM

Figure 194: Te versus time for 720 kW OCECS and steady
state conditions Vc = 2 m/s and Nturbine = 10 RPM
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Figure 195: PID Correction versus time for 720 kW OCECS and steady
state conditions Vc = 2 m/s and Nturbine = 10 RPM

Figure 196: ωm versus time for 720 kW OCECS and steady
state conditions Vc = 2 m/s and Nturbine = 10 RPM

Figure 197: Nturbine versus time for 720 kW OCECS and steady
state conditions Vc = 1m/s and Nturbine = 10 RPM
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Figure 198: Tturbine versus time for 720 kW OCECS and steady
state conditions Vc = 2 m/s and Nturbine = 7 RPM

Figure 199: Tm versus time for 720 kW OCECS and steady
state conditions Vc = 2 m/s and Nturbine = 7 RPM

Figure 200: Te versus time for 720 kW OCECS and steady
state conditions Vc = 2 m/s and Nturbine = 7 RPM
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Figure 201: PID Correction versus time for 720 kW OCECS and steady
state conditions Vc = 2 m/s and Nturbine = 7 RPM

Figure 202: ωm versus time for 720 kW OCECS and steady
state conditions Vc = 2 m/s and Nturbine = 7 RPM

Figure 203: Nturbine versus time for 720 kW OCECS and steady
state conditions Vc = 2 m/s and Nturbine = 7 RPM
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Figure 204: Tturbine versus time for 720 kW OCECS and steady
state conditions Vc = 2 m/s and Nturbine = 4 RPM

Figure 205: Tm versus time for 720 kW OCECS and steady
state conditions Vc = 2 m/s and Nturbine = 4 RPM

Figure 206: Te versus time for 720 kW OCECS and steady
state conditions Vc = 2 m/s and Nturbine = 4 RPM
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Figure 207: PID Correction versus time for 720 kW OCECS and steady
state conditions Vc = 2 m/s and Nturbine = 4 RPM

Figure 208: ωm versus time for 720 kW OCECS and steady
state conditions Vc = 2 m/s and Nturbine = 4 RPM

Figure 209: Nturbine versus time for 720 kW OCECS and steady
state conditions Vc = 2 m/s and Nturbine = 4 RPM
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The OCT generated torque, Tturbine, is shown in Figures 192, 198 and 204 for OCT angular
velocity of 10, 7 and 4 RPM respectively. The mechanical load of the SCIG, Tm, is presented in
Figures 193, 199 and 205 for OCT angular velocity of 10, 7 and 4 RPM respectively when the SCIG
electromagnetic torque, Te, is shown in Figures 194, 200 and 206. Moreover, the PID correction for
the three different operation points of the OCECS is presented in Figures 195, 201 and 207 while the
angular velocity of the SCIG, ωm, and the OCT, Nturbine, is shown in Figures 196, 202, 208 and 197,
203, 209 respectively.
The RPM of the OCECS when the controller is applied (at t=2 seconds) has a very short
oscillatory response, followed by a relatively slow convergence towards the RPM set point (three
different operation points – 10 or 7 or 4 RPM) with approximately 25% of the initial RPM error
eliminated in the first 25 seconds (Figures 196, 197, 202, 203, 208 and 209). The torques of the
OCECS, Tturbine, Tm and Te, depends directly (Tturbine) or indirectly (Te and Tm) from the current flow
speed (Vc), the RPM of the system and previous torque values and therefore since Vc is constant and
the RPM are approximately constant, all the torques converges towards constant values.
For any operation point, the controller is shown to converge the mean system RPM towards the
RPM-set point for the OCECS system (10, 7 and 4 RPM) as well as the SCIG and OCT torque. The
only difference is the initial RPM error of the set point where as the operation point getting lower the
error diminished and the convergence to the RPM set point is faster.
4.3.3 Estimation of Average Electric Power Generation
In this section, an estimation of the average electric power generation is presented for the
720 kW OCECS. Numerical simulation were conducted in MATLAB/Simulink®, in the same way as
in Sections 4.2.3.1 and 4.2.3.2, for all the theoretical operation points (operation envelope) in each of
the two different flow speeds (Vc of 1 m/s and 2 m/s) and using the MATLAB code for the calculation
of the average electric power (see Appendix H), an estimation of the kW∙h/year is given through
Tables 14÷17. The assumptions have been made are shown below (see also Section 4.2):
-

The ocean current velocity is constant and independent of time (Vc = constant).
There are no power losses after the generator (from SCIG up to the land grid).
Different operation points based on different pitch angle of the OCT blades.

The average electric power in kW, for all the operation points (Nturbine = 1÷10 RPM), and for two
different flow speeds is presented as shown in Tables 15 and 16.
Table 15: Average electric power of OCECS for flow
speed 1m/s and for different operation points

Vc = 1m/s
Nturbine (RPM)

Average Electric Power by SCIG (kW)

10
9
8
7
6
5
4
3
2
1

180.5
178
171
159.5
143
122.5
96
52.5
15
7
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Table 16: Average electric power of OCECS for flow
speed 2m/s and for different operation points

Vc = 2 m/s
Nturbine (RPM)

Average Electric Power by SCIG (kW)

10
9
8
7
6
5
4
3
2
1

1000
905
790
635
445
270
145
70
29.5
8

An energy estimation production in terms of kW∙h/day and kW∙h/year is given in Tables 17 and
18 for current flow speed 1 m/s and 2 m/s respectively.
Table 17: Energy production of OCECS for flow speed 1 m/s and for different operation points

Vc = 1m/s
Nturbine (RPM)

Electric Energy Converted by SCIG
(kW∙h)

10
9
8
7
6
5
4
3
2
1

(kW∙h / day)

(kW∙h / year)

180.5
178
171
159.5
143

4,332
4,272
4,104
3,828

1,581,180
1,559,280
1,497,960
1,397,220

3,432

1,252,680

122.5
96
52.5
15
7

2,940
2,304
1,260
360

1,073,100
840,960
459,900
131,400
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61,320

Table 18: Energy production of OCECS for flow speed 2 m/s and for different operation points

Vc = 2 m/s
Nturbine (RPM)

Electric Energy Converted by SCIG
(kW∙h)

10
9

(kW∙h / day)

(kW∙h / year)

1000
905

24,000

8,760,000

21,720

7,927,800

8
7
6
5
4

790
635
445
270
145

18,960
15,240
10,680
6,480

6,920,400
5,562,600
3,898,200
2,365,200

3,480

1,270,200

3
2
1

70
29.5
8

1,680
708
192

61,3200
25,8420
70,080
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Based on the above results and considering the average energy consumption in terms of kW∙h of
a household in the state of Florida in USA [165], it can be revealed how many houses can be covered
by an 720 kW OCECS. More specifically, the average energy consumption of a household in Florida
is shown below [165]:
1,081 kW∙h/month

or

12,970 kW∙h/year

So, according to Table 17 and the value of OCECS energy production for Nturbine = 10 RPM, it
can be shown that
8,760,000 kW∙h/year

/

12,970 kW∙h/year

≃ 675 houses in Florida

around 675 houses in the state of Florida can be covered from a 720 kW OCECS when Nturbine is
10 RPM and the current flow speed is constant at 2 m/s.
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CHAPTER 5
CONCLUSIONS AND FUTURE WORK
Primarily, this study provides a steady state numerical model for simulating underwater ocean
current power-plants. The numerical simulations are set to mode open and axial flow ocean current
turbine connected to a 720 kW induction machine, which acting as motor-generator and using a scalar
control method such as constant V/f ratio via a SPWM VSI, through a gearbox. The ocean current
power plant is modeled as being placed in 25 meters depth and also rigidly attached to the sea floor
while the symmetrical induction motor/generator plant is modeled using a transient non-linear
approach with flux linkages as variables. A shaft vibrational model is also presented along with a PID
controller for the regulating of the induction rotor’s rotational speed under steady state conditions.
Contribution of the Study
In this study, many interesting and valuable things are presented as specifically shown below (the
bullets are following the flow of the thesis):
A technology review including ocean current turbines and generator preference (Chapter 1).
A theoretical (not including design procedures) detailed presentation about asynchronous motors
(Chapter 2).
A detailed analysis of a mathematical modeling for three (3) phase symmetrical induction
motors/generators using a transient non-linear approach with flux linkages as variables
(Chapter 2).
Detailed results for two (2) different induction motors/generators in any load condition and in
different steady state operation points, including the transient behavior among them, implemented
in MATLAB/Simulink® environment (Chapter 2).
A theoretical detailed presentation about control of asynchronous motors including analysis of the
steady state representation of induction motors (Chapter 3).
Modeling of a SPWM VSI with theoretical analysis of voltages including a comparison with a
simplified version in MATLAB/Simulink® environment (Chapter 3).
A theoretical presentation about Ocean Current Conversion Energy Systems - OCECS
(Chapter 4).
Modeling and analysis of a 720 kW OCECS, including results through the whole operation
envelope of the system as well as an estimation of the average electrical power generation based
on specific assumptions, implemented in MATLAB/Simulink® environment (Chapter 4).
A theoretical presentation and modeling of a shaft vibrational model in MATLAB/Simulink®
environment (Chapter 4).
Demonstration of the developed PID controller to achieve specified set-points.
Eight (8) appendices with complementary material for the above mentioned contributions.
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Future Work
Since the Ocean Current Energy Conversion Systems are in preliminary design stage or in a
scale prototype level and the lack of results is apparent, the study is open to expand to all directions.
As main and essential future developments, the below areas are proposed:
 Further review and monitor of all the ocean current technologies and future proposed devices
along with any results through tank or in situ experiments.
 Development of a steady state linear approach for the performance and analysis of
asynchronous motors as well as testing and verifying the steady state model.
 Improvement of the existing SPWM VSI model (scalar control) through controlled rectifiers
and especially matching of the model with the steady state linear approach for asynchronous
motors in order to create different Torque-Speed curves.
 Development of a vector control method for the control of the existing transient non-linear
model implemented for asynchronous motors as well as matching, testing and verifying the
control approach.
 Matching of the steady state linear model with scalar control or the transient non-linear model
with vector control on the OCECS and create the optimum operation envelope of the system.
Another track of future work might aim to investigate different kind of generators and
comparison between them.
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Appendix A
COMPARISON WITH OTHER RENEWABLE ENERGY SOURCES
AND ECONOMIC CONSIDERATION
Renewable energy sources can be available on-site, such as wind and solar energy, or produced
locally, such as biomass. One disadvantage of all renewable energy system is the difficult to generate
the amount of electricity that traditional fossil fuel generators produced. This may mean that we need
to build more energy facilities [21].
An important limitation of all renewable technologies is the intermittent nature which involves
reliability of supply, energy production depends on environmental conditions, and they don’t remain
constant all day. This can be unpredictable. For example, wind turbines need wind to turn the blades,
they will not provide electricity when it is not windy, solar electricity can’t be generated at night, solar
collectors need clear skies and sunshine to collect heat and make electricity and hydro generators need
rain to fill dams to supply flowing water. Renewable energy often relies on the weather for its source
of power. For this reason, a battery may be required to provide backup and power storage [21].
To compare renewable energy systems is necessary to take into account both environmental and
economic sense in the long term. It is important to identify the appropriate renewable energy
technology in the first instance. Factors to consider can be the type of energy which is required:
mainly electricity or mainly heat; and if energy demand is constant or it fluctuates. For example, some
renewables energies, such as wind and photovoltaic, just produce electricity. Others, such as solar
water heating, just produce heat, while biomass can provide heat and electricity. Besides, we need to
consider environmental impacts and costs of production and maintenance. The current cost of
renewable energy technology is also far in excess of traditional fossil fuel generation. This is because
it is a new technology and has extremely large capital cost [21].
Ocean current energy has a number of advantages over other renewable as we can see in the
Table A.1 [21], which present a comparison between ocean current energy technologies and others
energy generation resources such as fossil and renewable. Ocean current power is a technology that
can provide bulk, nonpolluting, zero-emission energy at a cost significantly less than the best fossil
fuel and nuclear technology from a renewable source and with no impact on land use and habitat.
Table A.1: Ocean current advantages compared with other energy resources

Fossil
Nuclear
Wind
Solar
Hydro
Wave
Ocean
Current

Renewable
Resource

Low
Capital
Cost

Low
Running
Cost

Minimal
Environmental
Impact

Predictable

Minimal
Visual
Impact

Modular

⨯
⨯
√
√
√
√

√
√
⨯
⨯
√
⨯

⨯
⨯
√
√
√
√

⨯
⨯
√
√
⨯
√

√
√
⨯
⨯
√
⨯

⨯
⨯
⨯
⨯
⨯
√

⨯
⨯
√
⨯
√
√

√

√

√

√

√

√

√

Advantages and disadvantages of every single renewable energy system along with comparison
between them can be found in references [13, 20, 21, 22, 67, A1].
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A detailed comparison and analysis of the costs for wind (both onshore and offshore), solar
(both photovoltaics and concentrating), hydropower, biomass and geothermal is described perfectly in
reference [A2].
As far as the commercial viability of ocean renewables such as offshore wind, wave, tidal and
ocean current, offshore wind costs range from 3÷8 cents per kW∙h compared to 2.5÷7 cents onshore
[A3]. These values have been derived based on operating experiences in Europe and reflect operating
experience. Costs for offshore wind increase as projects move further offshore, necessitating more
costly mooring systems and larger turbines.
As for wave and tidal, they remain subject to further refinement. The World Renewable Energy
Report [A3] estimates the cost of wave energy at an average of 9 cents / kW∙h and tidal and ocean
current an average of 8 cents / kW∙h. Recent EPRI reports, [13], have found that, presently, the cost of
power from ocean technologies ranges from 7 cents to 16 cents / kW∙h in a low case scenario. For
tidal energy, the EPRI report found that the cost is driven by the resource, a strong resource can yield
power at prices as low as 6 cents / kW∙h.
As there are no commercial ocean current turbines in operation currently, it is hard to evaluate
the costs of energy which is created by ocean current, and its competitiveness with other energy
sources. The different cost components to be included in the capital and operating expenditures
estimate for ocean current energy have been identified as follows:
1. Civil and structural costs
2. Major equipment costs
3. Balance of plant costs
4. Transmission lines and installation
5. Project indirect cost
6. Development costs
7. Maintenance costs
The single largest expenditure will relate to construction of the initial infrastructure. Setting up
transmission lines will be the most expensive and challenging, as underwater lines will be necessary.
Moreover, until large-scale testing and development is implemented, the cost of maintaining the ocean
current turbine facility remains unknown, which would be passed on to the consumers.
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Appendix B
NATIONAL ELECTRICAL MANUFACTURERS ASSOCIATION (NEMA)
The National Electrical Manufacturers Association (NEMA - a United States organization)
standard has specified four major design classifications of AC squirrel cage induction motors: designs
A, B, C, and D [B1]. These design classifications apply particularly to the rotor design and hence
affect the performance characteristics of the motors. Figure 2.8 displays a series of torque–speed
curves for these design classifications with identical power rating and rotating speed [2.14]. It
illustrates that the design characteristics such as starting torque, speed, and breakdown torque can be
combined in different ways [75]:
 Design A motors are used for applications that may undergo frequent but short time
overloading and thus require high breakdown torque, such as injection molding machines.
This type of motor has normal starting torque (typically 150%–170% of the rated torque) and
relatively high starting current.
 Design B motors are general-purpose motors, designed for applications that require normal
starting and running torques, such as machine tools, fans, and centrifugal pumps. This type of
motor usually has a comparable starting torque with Design A but offers low starting current.
The locked rotor torque is good enough to start many loads encountered in the industrial
applications. The slip is about 5%.
 Design C motors are selected for applications that require high starting torque, such as
inclined conveyors and gyratory crushers.
 Design D motors, called high slip motors, are sometimes used to power hoists and cycling
loads, such as oil well pump jacks and low-speed punch presses.
Typical torque-speed curves for classes A-D are shown in Figure B.1 [75]. Bear in mind that the
curves shown in the below figure are general shapes. In real motors, each motor would have its own
distinct values different from the percentages reflected in that figure.

Figure B.1: Torque–speed characteristics for design A, B, C, and D motors
defined by NEMA for constant voltage and frequency operation
(Source: W. Tong [75])
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Note that the starting torque ranges broadly among the design classifications, from about 150%
of full-load torque for Design A motors to about 260% of rated torque for Design D motors. In
addition, the speed at full-load for Design A motor is several percent less than the Design D motor.
Examples of typical rotor slots for classes A through D are shown in Figure B.2 [B2].

Figure B.2: Rotor typical slots from typical squirrel-cage induction motors, showing the cross section of the
rotor bars; (a) NEMA design class A – large bars, near the surface; (b) NEMA design class B – large, deep rotor
bars; (c) NEMA design class C – double-cage rotor design; (d) NEMA design class
D – small bars near the surface (Source: University of Calgary [B2])

Motor Classes A and D are obtained by designing the rotor resistance to be either low (class A)
or high (class D). Classes B and C are obtained by exploiting the effect of skin depth to obtain a
variable resistance rotor circuit. Comparing classes A and B, class B has a deeper bar to exploit skin
depth effects. The bar width may vary in order to enhance this effect. Class C rotors are typically
fabricated with two separate cages. Only the outer cage will conduct at starting. There is air between
the cages and at the top of the slot (to reduce leakage flux). Class D has a small conductor, giving a
high resistance at all slips. The class D example shown above has an open slot, for a fabricated rotor
design.
A summary of the performance characteristics of the NEMA classes is provided in the Table below
[B1]:
Table B.1: Performance characteristics of NEMA A, B, C and D designs

Class A
Type
LRT
LRC
Tb
Breakdown Slip
Rated Slip

Applications

Efficiency

General Purpose
70% - 275% rated
≃800% rated
175%-300% rated
< 2%
<5% (lower than
similar sized class
B)
Fans, blowers,
centrifugal pumps
and compressors,
motor – generator
sets, etc., where
starting torque
requirements are
relatively low
Medium or High

Class B

Class C

General Purpose
70% - 275% rated
500% - 700% rated
≥200% rated
< 2%

High LRT
200% - 250% rated
600% - 700% rated
190%-225% rated
-

<5% (usually <3%)

<5% (higher than
similar size class B)

Fans, blowers,
centrifugal pumps and
compressors, motor –
generator sets, etc.,
where starting torque
requirements are
relatively low
Medium or High
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Conveyors, crushers,
stirring machines,
agitators,
Reciprocating pumps
and
compressors, etc.,
where starting under
load is required
Medium

Class D
Very High LRT
>275% rated
600% - 700% rated
≃275% rated
High (as much as 1)
High (typically 7% to
11%, can be up to
17%)
High peak loads with
or without fly wheels,
such as punch presses,
shears, elevators,
extractors, winches,
hoists, oil – well
pumping and wire –
drawing machines
Medium

Appendix C
AMPLITUDE-PRESERVATION-BASED PARK TRANSFORMATION
In this appendix, the direct- and quadrature-axis (dq0) theory introduced in Section 2.3 is
formalized. The formal mathematical transformation from three-phase stator quantities to their directand quadrature-axis components is presented. These transformations are then used to express the
governing equations for an induction machine in terms of the dq0 quantities so that eliminated mutual
magnetic coupling between the phases and therefore makes the magnetic flux linkage of one winding
independent of the current of another winding.
More specifically, the usefulness of this concept stems from the fact that although each of the
stator phases sees a time-varying inductance due to the saliency of the rotor, the transformed
quantities rotate with the rotor and hence see constant magnetic paths. Although not discussed here,
additional saliency effects are present under transient conditions, due to the different conducting paths
in the rotor, rendering the concept of this transformation all the more useful. Similarly, this
transformation is useful from the point of view of analyzing the interaction of the rotor and stator flux
waves and MMF waves, independent of whether or not saliency effects are present. By transforming
the stator quantities into equivalent quantities which rotate in synchronism with the rotor, under
steady-state conditions these interactions become those of constant MMF waves and flux waves
separated by a constant θs. This indeed is the point of view which corresponds to that of an observer in
the rotor reference frame [86].
More specifically, the amplitude preservation-based Park transform (often called dq0 transform
[C1]) is a space vector transformation of three-phase time-domain signals from a stationary phase
coordinate system (abc) to a rotating coordinate system (dq0) as shown in Figure 73 and is described
mathematically below [C1]:
2

cos
2

sin

3
0

4

cos

3
2

3
4

sin

3

(C.1)

3

1

1

1

2

2

2

where θs is the stator (reference frame) angular position which describes the angle between the
rotating and fixed coordinate system at each time with zero initial phase shift of the voltage.
More analytically, the above transformation is expressed:
2
3

∙

2
3

∙
∙

∙ cos
∙

∙ sin
1
0

3

∙

2
3
2
3

∙ cos
∙ sin

4
3
4
3

(C.2.1)
(C.2.2)
(C.2.3)

and it applies to all the electrical variables such as current and flux if you simply replace the
symbol V with or φ. Note that the dq0 transformation applies to the instantaneous values of the
quantities to be transformed, not RMS values.
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Appendix D
INPUTS OF INDUCTION MOTOR/GENERATOR BLOCK IN MATLAB/SIMULINK®
The inputs for the induction motor/generator block in MATLAB/Simulink® are shown in Figure
D.1 and the solver parameters were used for the simulations is shown in Table D.1.

Figure D.1: Model in MATLAB/Simulink referred to inputs for the induction motor/generator block
Table D.1: Solver parameters
Type
Solver
Relative Tolerance
Max Step Size
Min Step Size
Solver Reset Method

Variable-Step
ode23tb
0.0001
15
0.000000000001
Fast
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Appendix E
TESTS TO DETERMINE EQUIVALENT CIRCUIT MODEL PARAMETERS
The measurement of motor parameters is based on the equivalent circuit of the induction motor.
The various tests to measure the motor parameter are shown below [110, 154]:
DC Resistance of Stator Windings
With the rotor at standstill the stator phase resistance, Rs, is measured by applying a DC voltage
as well as the resulting stator current, Is. While this procedure gives only the DC resistance at a certain
temperature, the AC resistance has to be calculated by considering the wire size, stator frequency, line
voltage and the operating temperature [110, 154].
No-Load Test
The no-load test on an induction machine, like the open-circuit test on a transformer, gives
information about exciting current and rotational losses. The induction motor is driven at synchronous
speed by another motor (preferably a DC motor). Then the stator is energized by applying rated
voltage at rated frequency. The input power per phase, Pin/phase, is measured. The slip is zero so the
rotor circuit is open (The rotor is kept uncoupled from any mechanical load) [110, 154].
For the present, the stator impedance can be neglected because it is small compared to the
effective impedance of the magnetizing and core-loss branches. The mutual inductance, Lm, the
magnetizing current, Im, and the core-loss resistance, Rc, are calculated [110].
Locked-Rotor Test
The blocked-rotor test on an induction machine, like the short-circuit test on a transformer, gives
information about leakage impedances. The rotor of the induction motor is locked to keep it at
standstill and a set of low three-phase voltages is applied to circulate rated stator currents. The input
power per phase, Pin/phase, is measured along with the input voltage and stator current. The slip is unity
for the locked-rotor condition and hence the circuit resembles that of a secondary-shorted transformer.
The magnetizing branch impedance is very high compared to the rotor impedance (Rr + jX1r) and
hence the approximate effective impedance is only the smaller of the two, which is the rotor
impedance in this case [110, 154].
The rotor resistance, Rr, the stator inductance, Ls, and the rotor inductance, Lr, are calculated.
Also, it is usual to assume that the stator leakage inductance is equal to the rotor leakage inductance
[110].
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Appendix F
SWITCHING CONFIGURATION OF A SPWM THREE PHASE
INVERTER WITH SPACE VECTOR TECHNIQUE
The voltage source three-phase inverter is controlled by six switches, Q1 to Q6, and eight
inverter configurations as shown in Figure 135 and F.1 [F1] respectively. The switches are controlled
in pairs (Q1, Q4), (Q3, Q6), (Q5, Q2) and the logic for the switch control signals is [150]:
Q1 is ON when Vα > VΤ , Q4 is ON when Vα < VΤ
Q3 is ON when Vb > VΤ , Q6 is ON when Vb < VΤ
Q5 is ON when Vc > VΤ , Q2 is ON when Vc < VΤ

(F.1.1)
(F.1.2)
(F.1.3)

In each configuration, the vector identification uses a ‘0’ to represent the negative phase voltage
level and a ‘1’ to represent the positive phase voltage level. In addition, the switches in one inverter
branch (each leg) are in controlled in a complementary fashion (1 if the switch is on and 0 if it is off)
in order to satisfy the Kirchoff’s Voltage Law (KVL) constraint [F1]:
Q1 + Q4 = 1

(F.2.1)

Q2 + Q5 = 1

(F.2.2)

Q3 + Q6 = 1

(F.2.3)

Figure F.1: Eight Switching Configuration of a Three-Phase Inverter
(Source: K. Zhou and D.Wang [F1])

The inverter output pole voltages (fundamental component) are determined as follows (for modulation
index m=1) [145, 150, F1, F2]:
if

and if

V a > VΤ

then Vaο = 0.5∙VDC

(F.3.1)

V b > VΤ

then

Vbο = 0.5∙VDC

(F.3.2)

V c > VΤ

then

Vcο = 0.5∙VDC

(F.3.3)

V a < VΤ

then Vaο = - 0.5∙VDC

(F.3.4)

V b < VΤ

then Vbο = - 0.5∙VDC

(F.3.5)

V c < VΤ

then

(F.3.6)
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Vcο = - 0.5∙VDC

The pole voltages are explained in Figure F.2, [F3], and they are fluctuate between VDC/2 and –VDC/2
for m=1 [150, F1].

Figure F.2: Explanation of pole voltages in
three-phase inverter (m=1) (Source: [F3])

The inverter line-to-line voltages, VAB, VBV and VCA, are obtained from the pole voltages as [150, F2]:
(F.4.1)

0
0

(F.4.2)

0

(F.4.3)

The relationship between the switching variable vector [Q1 Q3 Q5] and the line-to-line voltage vector
[VAB VBC VCA] is shown in Equation F.5 [145, 150, F2].
1
0
1

1
1
0

0
1
1

1
3

(F.5)

5

Choosing a neutral load point N (Figure F.2), we can obtain [150]:
0

(F.6.1)

0

(F.6.2)

0

(F.6.3)
0

(F.6.4)

where VAn, VBn, VCn are the phase-to-neutral voltages of the load (before the harmonic filter) and Vno is
the neutral voltage or load to pole voltage, between point N and the mid-point of the DC source.
The selection of the states in order to generate the given waveform is done by the modulating
technique that ensures the use of only the valid states [F1].
2

2

2

∙

1

4

0

(F.7.1)

∙

3

6

0

(F.7.2)

∙

5

2

0

(F.7.3)
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Adding the above equations together gives:
2

∗

1

3

5

2

6

3∙

4

(F.8)

0

As we are dealing with balanced voltages [109]:
0

(F.9)

and using the conditions about the control of the switches which are described with Equations F.2.1,
F.2.2 and F.2.3, the Equation F.8 yields to:
6

∗ 2∙

2∙

1

2∙

3

3

5

(F.10)

0

Replacing Equation F.10 into Equations F.7, it can be obtained for the phase to neutral voltages of the
load:
3

3

3

∗ 2∙

1

3

5

(F.11.1)

∗ 2∗

3

1

5

(F.11.2)

∗ 2∗

5

3

(F.11.3)

1

and in vector form
2
1
1

3

1
2
1

1
1
2

1

(F.12)

3
5

The phase to neutral voltages of the load can also be obtained from the line to line voltages as [145,
150]:
(F.13)

which can be written as a function of the phase to neutral voltage vector
1
0
1

1
1
0

0
1
1

as:
(F.14)

The above equation represents a linear system where the unknown quantity is the vector
, but the matrix is singular and so the phase to neutral voltages cannot be found from
matrix inversion. However since the phase to neutral voltages add to zero, they can be written as:

0

1
0
1

1
1
1

which implies:
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0
1
1

(F.15)
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0
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1
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(F.16)
0

which when expanded gives the phase to neutral voltages in terms of line to line voltages as shown
below:
1
3

∗ 2∗
1
3

1
3

(F.17.1)

∗

(F.17.2)

∗ 2∗

(F.17.3)

The Table F.1 presents the voltages of the three-phase inverter in each one of the eight different
configurations.
Table F.1: Switch States and Voltages for Three-Phase SPWM inverter (for m=1)
State

Q4, Q6 and Q2 are on,
and Q1, Q3 and Q5 are
off
Q1, Q6 and Q2 are on,
and Q4, Q3 and Q5 are
off
Q1, Q3 and Q2 are on,
and Q4, Q6 and Q5 are
off
Q4, Q3 and Q2 are on,
and Q1, Q6 and Q5 are
off
Q4, Q3 and Q5 are on,
and Q1, Q6 and Q2 are
off
Q4, Q6 and Q5 are on,
and Q1, Q3 and Q2 are
off
Q1, Q6 and Q5 are on,
and Q4, Q3 and Q2 are
off
Q1, Q3 and Q5 are on,
and Q4, Q6 and Q2 are
off

Switching
State/Pattern

[000]

Load Phase Voltages
(Line to Neutral Load)
VAn

VBn

VCn

VAB

VBC

VCA

0

0

0

0

0

0

[100]

0

[110]

0

[010]

0

[011]

0

[001]

0

[101]

[111]

Load to
Pole
Voltage

Line to Line
Voltages

0

0

0

0
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0

0

0

Vno

Pole Voltages
Vao

Vbo

Vco

Appendix G
Part I - Derivation of Fourier Series Formula for the Square Wave Inverter Voltages
If function f is a periodic, piecewise continuous and an odd, then its trigonometric Fourier series
is given by [G1]:
∙

∙

G. 1.1

where, for n = 1, 2, 3, …
2

∙

∙

G. 1.2

Function which describes phase voltages of square wave inverters is shown in the Figure G.1 [129].

Figure G.1: A typical example of one phase voltage of the three-phase
square wave inverter (Source: M. Żelechowski [129])

Taking into consideration this function coefficient bn can be written as follows [129]:

(G.1.3)

for even n:
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(G.1.4)

and for odd n:

(G.1.5)

From above formulas the Fourier series for UAn is given by:

(G.1.6)

where:
n=1, 5, 7, 11, 13…,∞

The phase voltage of a square wave three-phase inverter can be expressed also as [F3]:
∞

∙

G. 1.7

where:
G. 1.8

is the peak value of the nth harmonic. For n=1 is the 1st harmonic (fundamental component), for n=5
is the 5th harmonic etc.
Also, we can derive [F3]:
∞

G. 1.9
∞

G. 1.9
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Furthermore, function which describes line voltages of square wave inverters is shown in the Figure
G.2 [129].

Figure G.2: A typical example of line voltage VAB, of the three-phase
square wave inverter (Source: M. Żelechowski [129])

In a similar way as above, can be found for the line voltages [F3]:
∞

∙

G. 1.10

and also:
∞

G. 1.11
∞

G. 1.12

where:
n=1, 3, 5, 7, 11, 13…,∞

The line or phase harmonic voltages of the three-phase square wave inverter are balanced (have
identical magnitudes and are phase apart by 1200). It may be noted that though the line voltages have
3rd and multiples of 3rd order harmonic distortions, the phase voltages are free from these distortions
[F3].
Finally, function which describes pole voltages of square wave inverters is shown in the Figure
G.3 [129].

Figure G.3: A typical example of pole voltage Vao, of the three-phase
square wave inverter (Source: M. Żelechowski [129])
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In a similar analysis with the above, can be found [F3]:
∞

∙

G. 1.13

and:
∞

∙

G. 1.14

∙

G. 1.15

∞

where:
n=1, 3, 5, 7, 11, 13…,∞

For the fundamental component (1st harmonic) of all the above voltages, the fundamental magnitude
(n=1) is:
G. 1.16
∙√

G. 1.17
G. 1.18

Part II - Formula for the SPWM Inverter Voltages
In SPWM inverter the widths of the pole voltage pulses and as a result the phase and line
waveforms, over the output cycle, vary in a sinusoidal manner as shown in Figure 138. The harmonic
analysis of the sine-modulated pole voltage waveforms gives the below expressions [150, F3]:
∙

.

∞

∙

G. 1.19

and
.

∙

∙

.

∞

∙

G. 1.20

∙

G. 1.21

∞
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For m = 1 the fundamental component pole voltage will have a magnitude of 0.5∙VDC. This
magnitude is only 78.55% of the fundamental pole voltage magnitude output by a square wave
inverter operating from the same DC link voltage (see Equation G.1.16).
The line voltage magnitude at the fundamental component it is given as follow (for 0 m 1)
[145, 146]:
∙√ ∙

G. 1.22

and in RMS value:
∙

√
√

∙

G. 1.22

The amplitude of the fundamental component of the SPWM inverter voltage output is thus
controlled by m (linearly proportional). This is significant in the case of an unregulated DC supply
voltage because the value of m can be adjusted to compensate for variations in the DC supply voltage,
producing a constant-amplitude output. Alternatively, m can be varied to change the amplitude of the
inverter voltage output [143].
Moreover, to further increase the amplitude of the line voltage, the modulation ratio should be
greater than 1 (m>1), which leads to over modulation. The relationship between the amplitude of the
fundamental ac component of line voltage and the DC link voltage becomes nonlinear. The whole
range characteristic of the modulation methods is shown in Figure G.4 [G2].

Figure G.4: Output voltage of VSI, as a percentage of square wave technique, versus modulation
index for different PWM techniques. SVPWM: space vector PWM, ZSS: Zero Sequence Signal,
OM: Over-modulation (Source: M.P. Kazmierkowski et al. [G2])
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Appendix H
AVERAGE ELECTRIC POWER GENERATION & MATLAB CODE
The SCIG (Squirrel Cage Induction Generator) numerical model with the simplified VSI
presented in Sections 2.3, 2.4.2, 3.3, 3.4 and 3.5, is also used to calculate the electrical power
delivered by the generator. This is calculated using the stator voltage of individual phases ,
and
, and the stator currents for individual phases
,
and
. The instantaneous electric
power for each of the three windings is calculated as shown below:
(H.1)
(H.2)
(H.3)

and the total instantaneous electric power is the sum of the three windings,
(H.4)

From this it follows that the rate of change of electric energy, dE, can be calculated from:
(H.5)

Therefore, the average electric power of generator from to to t1 will be:
(H.6)

The instantaneous measurement of the stator voltages and current in stationary phases
coordinate system (abc) from the induction motor/generator block in MATLAB/Simulink® (see
Figure 166 – IG Block) was held using the “Voltage Measurement” block of the SimPowerSystems
toolbox as shown in Figure H.1 and the Simulink output of the “Asynchronous Machine” block which
is a vector containing measurement signals, where you can demultiplex these signals by using the Bus
Selector block provided in the Simulink library, as shown in Figures H.2 and H.3, respectively.

Figure H.1: Voltage Measurement block of the SimPowerSystems toolbox. The positive
input connected with the electrical signal (Va, Vb or Vc) and the negative with the ground.

Figure H.2: Bus Selector block of Simulink library. The input is the output signal of the Asynchronous
Machine block and the output is the signals you choose to demultiplex as shown in Figure H.3.
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Figure H.3: Bus Selector output signals in case of Asynchronous Machine as an input.
The left list box has shown the three stator currents in abc reference frame.

The MATLAB code for the calculation of average electric power is shown in Figure H.4.
During each simulation run the variables V_s_a, V_s_b, V_s_c and I_s_a, I_s_b, I_s_c, which are
referred to stator voltage and stator currents respectively, were saved in MATLAB Workspace as
“Structure with Time” so that be able to be used by the below code.

Figure H.4: MATLAB code for the calculation of average electric power
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